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(ABSTRACT) 

The purpose of this investigation was to nondestructively characterize a 2-D Nicalon-reinforced, 

CVI-SiC matrix composite before and after exposure to 1000, 1200, and 1400 °C in oxidizing 

atmospheres of air. Concurrently, the nondestructive testing methods used to detect thermally 

induced changes in the SiC/SiC composite were evaluated. 

All of the NDT techniques, except film X-ray radiography, were sensitive to changes in the 

ceramic matrix composite (CMC) caused by thermal ageing. Surface and sub-surface scanning 

acoustic microscope (SAM) micrographs indicated that the CMC specimens were experiencing 

surface changes. The increase in surface reflectivity of the specimens after heat treatment was 

attributed to density and elastic property changes related to oxidation of the matrix, formation of 

silica on the fibers, and increased crystallinity of the Nicalon fibers. Acousto-ultrasonic results 

indicated that thermal exposure altered the ability of the CMC specimens to transmit ultrasonic 

energy. The ability to transmit energy was degraded or enhanced depending on ageing 

temperature and the presence or absence of a refractory coating. C-scans indicated that the heat- 

treated specimens attenuated/scattered more energy than the as-fabricated specimens. Through- 

transmission scans indicated that, after thermal exposure, the specimens that had received a 

refractory coating showed a greater increase in attenuation than the uncoated specimens. 

Tensile tests performed at room temperature provided strength data and a means for monitoring 

acoustic emission. Optical micrographs showed void and silica formation around fibers and the 

development of microcracks within the matrix. Electron microprobe analysis verified that carbon 

and silicon were being lost and oxygen was being gained within the fiber-matrix interphase. 
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1. INTRODUCTION 

A new generation of materials known as ceramic matrix composites (CMC's) has emerged to meet 

the demands of advancing technologies. Traditional engineering materials, particularly steel, 

aluminum, and other metal alloys do not possess the high strength-to-weight ratios, oxidation 

resistance, or high-temperature stability that are needed for new engineering applications. 

Superconductors for high-speed signal transmission; high-efficiency, low-emission automotive heat 

engines; and hypersonic aerospace propulsion systems are examples of technologies which have 

outgrown current engineering materials, including superalloys. Ceramic matrix composites have 

the potential to meet the demands of these developing technologies. However, the success of these 

emerging composite systems is contingent on improved raw materials, processing, and quality 

control. A more thorough understanding of the physical properties, damage mechanisms, and life- 

cycle of CMC's is also necessary for the general acceptance of these advanced structural materials. 

As technology continues to drive the development of ceramic matrix composities, standardization 

of these new material systems is becoming a national and an international concern. New standards 

for evaluating the properties and behavior of advanced composite materials are being prepared by 

US organizations such as ASTM (in conjunction with SACMA), DOD, NASA, ANSI, ASNT, 

SAE, etc. [1]. Concurrently, several international initiatives associated with the measurement and 

testing of advanced materials are being organized. The report entitled A Vision for the Future: 

Standards Needs for Emerging Technologies, prepared by the International Organization for 

Standardization (ISQ), the European Community's launching of the European Organization for 

Testing and Certification (EOTC), and the Versailles Agreement on Advanced Materials and 

Standards: Proposal for Multilateral Collaborative Research (VAMAS) attest to the emphasis 
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which is being placed on developing standards for advanced materials [2]. 

This global interest in the standardization of advanced materials is acting as an impetus for the 

growth and development of nondestructive testing (NDT) technology. New and improved 

nondestructive testing equipment and techniques are being developed to assess advanced 

engineering materials such as CMC's. New methods, such as analytical ultrasonics, computed 

tomography, and environmental scanning electron microscopy are emerging to meet some of the 

challenges presented by composite material systems. Concurrently, new standards for the 

nondestructive (and destructive) testing of advanced composite systems are being established; 

however, the standardization of CMC's is progressing slowly. The variety of compatible matrix 

and reinforcement materials, the variations in raw materials and fabrication methods, and the 

complex behavior of composite systems are complicating this standardization process. 

Numerous difficulties arise when NDT methods are used to characterize ceramic matrix 

composites. First, NDT methods cannot reliably detect the presence of residual stresses or identify 

phase composition differences. In addition, at the sub-surface level, NDT methods cannot reliably 

determine the degree of matrix densification, the fiber distribution, or the character of the 

fiber/matrix interphase. The inhomogeneous, anisotropic nature of most CMC's challenge even the 

most sophisticated NDT techniques, yielding NDT results which are difficult to intrepret. 

The frequent need for nondestructive evaluation of CMC's at elevated temperatures (> 800° C) 

further complicates this already difficult area of research. Most nondestructive evaluation (NDE) 

equipment is not capable of operating at temperatures much beyond room temperature (RT). 

Contact transducers for performing acoustic-emission and acousto-ultrasound tests at temperatures 
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beyond 600° C are not commercially available. The need for high-temperature, contact 

transducers may be eliminated by using waveguides to transmit ultrasonic signals from a furnace- 

enclosed specimen to an external transducer. However, effectively coupling the specimen- 

waveguide system so that signal transmission is not compromised by thermal expansion differences 

or impedance mismatch also poses a difficult task. Thermographic techniques which rely on subtle 

temperature changes within a mechanically-cycled specimen are also ineffectual at high 

temperatures. The subtle, mechanically-induced temperature changes are overwhelmed by the 

severe environmental temperatures. Other problems encountered with nondestructive testing at 

extreme temperatures include generation of noise by thermal expansion and contraction of 

furnaces, accelerated oxidation and mechanical degradation of probes/transducers, and the high 

costs associated with state-of-the-art, high-temperature NDT equipment. 

Both nondestructive and destructive tests are needed to characterize the chemical, mechanical, and 

thermal properties of CMC's. Nondestructive tests provide information about the condition of 

CMC's in their as-fabricated form. They provide a reference state against which the results of 

destructive and later nondestructive tests may be compared. Destructive tests are necessary to 

quantitatively determine chemical, mechanical, and thermal properties. The results from 

destructive tests are also used to validate the results and conclusions obtained from nondéstructive 

tests. 

The purpose of this investigation was to nondestructively characterize a high temperature CMC 

before and after thermal exposure at 1000, 1200, and 1400 °C. Concurrently, the specific NDT 

methods used to detect and track damage, or undesirable changes in material properties, were 

evaluated. NDT methods including acoustic microscopy, acousto-ultrasonics, immersion scan (C- 
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scan) ultrasonics, film X-ray radiography, optical microscopy, and scanning electron microscopy 

were used to monitor damage accumulation. The electron microprobe was used to characterize 

stability; tensile tests performed at RT provided strength data and a means for monitoring acoustic 

emission. 

The current state-of-development of high-temperature CMC's is reviewed. Common matrix and 

reinforcement materials, fiber architecture, and fabrication techniques associated with high- 

temperature ceramic composites are included in this review. Improvements in nondestructive and 

destructive test equipment and techniques are discussed and summarized. This overview will 

provide background information necessary for the discussion of NDT results and conclusions, and 

the suggestions for future work. 

A continuous fiber-reinforced ceramic composite (CFCC) was the material chosen for this 

investigation. The material was manufactured by Amercom (an Atlantic Research Corporation 

company, Chatsworth, CA) using a chemical vapor infiltration process which deposited a silicon 

carbide (SiC) matrix within a regular eight harness satin weave (8 HSW) reinforcement. The SiC 

fibers were Nicalon™ fibers manufactured by Nippon Carbon Company of Japan. The fibers were 

coated with pyrolytic carbon to improve the fiber-matrix interfacial properties of the ceramic 

matrix composite. 
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2. LITERATURE REVIEW 

Advanced structural materials which can withstand temperatures in excess of 1000°C for 

prolonged exposures are needed for engineering programs of the 21st Century. The applications 

for such high-temperature structural materials are numerous, with applications to energy- 

conversion systems, nuclear containment, chemical processing, and aerospace vehicles being 

among the most promising. In past years, superalloys, metal matrix composites, and 

carbon/carbon composites have dominated high-temperature materials research and development 

programs. However, problems with these materials and improvements in ceramic fiber technology 

have redirected attention to ceramic matrix composites. 

Much of the literature pertaining to CMC's for high-temperature structural applications is related 

to government-sponsored research and is proprietary in nature; the literature which is available 

provides general information about the chemistry, fabrication, and processing techniques of fibers, 

matrices, and final CMC's. The following literature review is divided into four sections: (1) high- 

temperature ceramic matrix composites, (2) nondestructive testing of high-temperature CMC's, (3) 

additional techniques for characterizing CMC's, and (4) new equipment for high-temperature, 

destructive testing of CMC's. The first section includes an overview of high-temperature CMC's 

and information on the fiber, fiber architecture, fabrication process, and fiber-matrix system 

pertinent to this investigation. The NDT section is subdivided into the four main NDT methods 

used in this investigation: acoustic microscopy, acousto-ultrasonics, film X-ray radiography, and 

immersion scan ultrasonics. Additional testing methods used in this investigation are discussed in 

the third section; they include optical microscopy, electron microprobe analysis with SEM, and 

acoustic emission monitoring. Finally, because nondestructive and destructive testing are 
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complementary methods for materials characterization, new developments in destructive testing are 

briefly reviewed in the last section. 

2-1. High-Temperature Ceramic Matrix Composites 

As defined by R. M. Jones [3], a composite consists of two or more materials combined on a 

macroscopic level - a matrix material and a reinforcement material. Composites consisting of two 

or more matrix materials or reinforcements are known as hybrid composites. A composite exhibits 

the best (and worst) physical properties of each of its constituent materials, in addition to 

properties unique to itself. This is because its constituent materials are combined on a 

macroscopic level, as opposed to a microscopic level. Accordingly, composites may be tailored to 

exhibit chemical, thermal, and mechanical characteristics that are defined by a desired final 

product. 

Ceramic matrix composites offer higher strength, improved fracture toughness, and better thermal 

stability than do their monolithic counterparts. A ceramic matrix composite refers to a composite 

system in which the matrix is a glass, glass-ceramic, polycrystalline-ceramic, carbide, nitride, 

boride, or oxide. The reinforcements used in a ceramic matrix are generally made of metal or 

ceramic, and take many shapes and sizes. High-temperature structural applications generally 

require continuous-fiber, chopped-fiber, or whisker reinforcements made of ceramic. Table 1 

provides a list of the matrix materials and fibers most commonly cited in the literature with 

reference to high temperature applications [4, 5, 6, 7]; carbon and graphite materials are not 

included in this list. 
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TABLE 1: Matrix and fiber materials for high-temperature applications. 

Matrix Materials: 

Non-Oxides 

Silicon Carbide (SiC) 

Silicon Nitride (SizN4) 

Titanium diboride (TiB) 

Oxides 
Alumina (Al703) 
Zirconia (ZrO) 

Glass-Ceramics 

Banum aluminosilicate, BAS 

Barium magnesium aluminosilicate, BMAS 

Barium osumilite 

Calcium aluminosilicate, CAS (I and II) 

Lithium aluminosilicate, LAS (I and II) 

Glasses 

Alkali borosilicate, ABS 

Alkaline earth aluminosilicate, AEAS 

Borosilicate 

Fibers: 

Non-Oxides 
HPZ (Dow Corning Corporation) 

precursor: hydridopolysilazane 

MPDZ (DARPA) 
precursor: methylpolydisilazane 

MPS (DARPA) 
precursor: methylpolysilane 

Nicalon (Nippon Carbon Co., Ltd., Japan) 

precursor: polycarbosilane 

SCS-6 (Avco Specialty Materials/Textron) 

produced by CVD; monofilament 
Sigma (Berghof, Tubingen, FRG) 

TNSN (Toa Nenvvo Kogyo K.K., Japan) 

Tyranno (Ube Industries Ltd., Japan) 

precursor: polytitanocarbosilane 

VLS (Los Alamos National Laboratory) 

SiC whisker 

Oxide 
Nextel 312, 440, 480 (3M Company) 

produced by sol-gel method 

Sumitomo 

Extensive testing has been performed on many of these matrix materials, fibers, and matrix-fiber 

systems to characterize them in ambient conditions. However, few investigations have been 

performed to determine how they will perform at elevated temperatures. Detailed information 

about CMC's is provided in several recently published books: Fiber and Whisker Reinforced 

Ceramics for Structural Applications by David Belitskus (1993)[4], Fiber Reinforced Ceramic 

Composites by K. S. Mazidiyasni (1990)[8], and Advanced Fibers and Composites by Francis S. 

Galasso (1989)[9]. A literature review of CMC's written by L. J. Schioler et al [7], and an article 

prepared by Frances I. Hurwitz [5] offer overviews of the state of development of CMC's and their 

matrix and fiber constituents. 
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As previously stated, investigations pertaining to the high-temperature performance of CMC's are 

scarce. The problems associated with such investigations are aptly summarized by A. W. Searcy's 

three laws of high-temperature chemistry [10]: (1) everything reacts with everything at high 

temperatures, (2) everything reacts faster at high temperatures, and (3) the products may be 

anything. Hillig [10] examines several of the characteristics which may be used to rank or select 

high-temperature structural materials: melting temperature, stability with respect to volatilization, 

internal chemical reactivity, and temperature dependence of mechanical properties. Wiedemeier 

and Singh [11] assess the high-temperature stability of group IV, V, and VI transition metal 

borides, carbides, nitrides, and oxides using the results of computational thermodynamic analysis. 

A report by Mah et ai [12] provides a review of technical issues, such as ceramic fiber 

development and mechanical and oxidative behavior, facing high-temperature applications of 

ceramic composites. 

Nicalon Fibers 

Nicalon fibers, which are the focus of this investigation, are among the oldest and consequently 

most rigorously tested fibers listed in Table 1. Clark et a/ [13] have evaluated the performance of 

standard (NLP 101) and ceramic grade (NLM 202) Nicalon fibers in oxidizing (wet air) and non- 

oxidizing (argon) atmospheres at 1000, 1200, and 1400 °C. Both fiber types gained weight after 

being heat-treated in wet air; this weight gain was attributed to surface oxidation and the formation 

of a silica film on the surface of the fibers. Elemental analyses confirmed that the fibers were 

gaining oxygen and losing carbon as the stoichiometry of the fibers approached a balance of silicon 

and carbon. When heat-treated in argon, both fiber types lost weight; the ceramic grade lost 13% 

while the standard grade lost 33%. After exposure to 1000 °C in an oxidizing atmosphere, the 

ceramic grade fibers maintained twice the tensile strength of the standard grade fibers, +1725 MPa 
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versus ~863 MPa. At higher temperatures, the difference in tensile strengths between the two fiber 

types was much less, although the ceramic-grade-fiber strength remained slightly higher. The 

tensile strengths of the two fiber grades after argon heat treatments were generally higher then the 

strengths after wet-air heat treatments. Based on tensile strength, elastic modulus, structural 

analysis (SEM and X-ray diffraction), and elemental analysis, ceramic grade Nicalon proved to be 

more stable at high temperatures in both oxidizing and non-oxidizing atmospheres. 

Pysher et al [14] have measured the tensile strength and Young's modulus of ceramic grade 

Nicalon fibers as well as Tyranno, Fiber FP, PRD-166, and Nextel 480 at RT, 800, 1000, 1100, 

1200, 1300, and 1400 °C. (Fiber FP and PRD-166 are no longer being manufactured.) The SiC- 

based fibers, Nicalon and Tyranno, proved to be stronger than the oxide fibers at RT and elevated 

temperatures; they were stronger despite their tendency to oxidize and form voids. Nicalon fibers 

maintained nearly constant strength between RT and 800 °C; they maintained ~ 70% of their 

original strength from 1000 to 1200 °C; at 1300 and 1400 °C, large voids formed on the fibers’ 

surface and the strength dropped drastically. Unlike the oxide fibers, Nicalon and Tyranno were 

found to be thermodynamically unstable because of the presence of free carbon and silicon. 

Kim and Moorhead [15] have investigated the microstructure and mechanical properties of 

Nicalon fibers exposed to elevated temperatures in reducing and oxidizing atmospheres. The 

Nicalon fibers were subjected to the following environmental exposures: (1) H with various 

partial pressures of H7O for 10 hours at 1000 °C and 1200 °C, and (2) air for 2-100 hours at 800, 

1000, 1200, 1400 °C. All of the fibers that were heat treated in air showed a rapid decrease in 

tensile strength during the first five hours. Between 5 and 100 hours, these same fibers exposed at 

800, 1000, and 1200 °C experienced an initial period of strength recovery followed by a gradual 
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strength loss. Fibers exposed at 1000 °C experienced the greatest recovery, while those exposed at 

1400 °C were very fragile and were not tested. They found that for short oxidation periods in air, 

a thin layer of silica (S102) formed on the fibers and protected the fibers from degradation and 

rapid loss of strength and toughness. However, the thick layer of silica which formed during long 

oxidation periods made the fibers brittle. Fiber brittleness was also attributed to an increase in the 

average grain size of the fibers which accompanied thermal exposure. 

Huger et al [16] have performed a thermogravimetric analysis of Nicalon (NLM 202) fibers after 

100 hours of ageing in air at atmospheric pressure and 700, 800, 900, 1000, 1100, and 1200 °C. 

Between 250-500 °C, approximately 1-3% of the mass of the Nicalon fibers was lost as the fiber 

sizing (polyvinyl acetate) was pyrolyzed. Because the mechanisms of oxidation, and not pyrolysis, 

were of interest, the mass of the fibers at 600 °C was used as the mass reference. After thermal 

ageing, all of the fibers experienced a mass gain; this was attributed to the passive oxidation of SiC 

in the fiber and resulting formation of a silica ring (~ 0.1 pum thick) around the fibers. Logarithmic 

plots of Am/mg vs. time indicated that the oxidation kinetics for ageing above 900 °C or for 

periods longer than 10 hours were diffusion controlled. 

Singh and Singh [17] have compared the strength distribution of as-fabricated Nicalon fibers with 

the strength distribution of Nicalon fibers in a CVI silicon carbide matrix composite, before and 

after the composite was exposed to 1300 °C for 15 minutes. Using the fiber bundle test and a 

standard gage length of 10 mm, they found that as-fabricated Nicalon fibers had an average 

Weibull modulus of 7.1 and a scale parameter of 3.45 GPa. The strength parameters for fibers 

incorporated in the as-fabricated and heat-treated composites were determined from the mirror radii 

(mirror is the smooth region where a crack initiates) on the surface of fractured fibers. The 
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Weibull modulus and scale parameter of a Nicalon fiber in an as-fabricated composite were 6.0 

and 1.31 GPa, respectively; in a heat-treated composite these values were 7.8 and 1.24 GPa, 

respectively. Fibers in the as-fabricated composite experienced a 62% decrease in average 

strength, while fibers in the heat-treated composite experienced a 64% decrease. The Weibull 

modulus of the fibers remained approximately constant. 

Fiber Architecture 

Advanced fibers are one of several reinforcement geometries that are used to toughen ceramic 

matrix composites. The hierachy of these reinforcements, based on size and complexity, is as 

follows: (1) particles, (2) short fibers (whiskers) — continuous fibers, (3) flakes — sheets, (4) 

woven fiber mats (2-D architecture) — continuous fiber weaves (3-D architecture) [18]. 

According to the theoretical predictions of K. T. Faber [19], the fracture toughness of a ceramic 

composite depends on the shape of the reinforcement. The relative rankings of particulate 

reinforcements according to their ability to improve fracture toughness are rods > discs > spheres. 

Belitskus states that fracture toughness also depends on the size of the reinforcement, noting that 

toughness increases with rod aspect ratio (length/diameter). Thus, continuous-fiber reinforcements 

are more effective toughening agents than short fibers or whiskers [5]. Continuous fibers employ 

several mechanisms for toughening a matrix including matrix microcracking, fiber-matrix 

debonding, crack bridging, fiber pull-out, and crack deflection. Even greater toughness can be 

achieved with woven reinforcements in the form of 2-D woven laminate composites or 3-D braided 

composites; however, these styles of reinforcement pose problems for matrix densification. 

Fiber architecture has become a popular subject for investigation as new strides have been made in 

the production of high-performance, continuous fibers and the fabrication of composite materials. 
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Unidirectional and bidirectional reinforcements; 2-D woven fabric reinforcements, particularly 

plain weave (PW), and five and eight harness satin weaves (SHSW and 8HSW),; and 3-D braided 

reinforcements are the main fiber structures being investigated for use in advanced structural 

ceramics. However, according to Crawford [20], ceramic fabric is often made in satin weaves 

because satin weaves have more "drape" then plain weaves and are easier to form into complex 

shapes. In addition to the advantages and disadvantages of particular fabric designs, Crawford's 

article also contains detailed information about the weaving process. Additional information also 

can be found in The Handbook of Composite Reinforcements [21] which summarizes the current 

status of ceramic fibers and fiber architecture. 

K. W. Buesking [22] and J. M. Neumeister et a/ [23] have studied the effects of weave geometry 

on the properties and performance of Nicalon/SiC and C/C composites, respectively. According to 

Buesking's theoretical model, Nicalon/SiC are predicted to be insensitive to fiber geometry. 

Buesking offers two reasons to support this prediction: (1) the properties of the fibers and matrix 

are almost identical, and (2) Nicalon fibers are isotropic. Contrary to Buesking's prediction, 

Neumeister's experimental] results from tests performed on C/C composites suggest that weaving 

can improve the performance of a composite by reducing the composite's flaw sensitivity. The 

composite's ability to resist flaws appears to improve despite problems associated with fiber 

waviness and poor fiber alignment, characteristics that are intrinsic to weaves. 

Researchers at Amercom, Inc. and the University of California [24] have found that fiber 

architecture both directly and indirectly affects the properties of advanced composites. Their work 

with CVI 2-D plain weave [0/30/60/90]9, and 3-D braided Nicalon/SiC composites has shown that 

fiber architecture influences how efficiently matrix material is distributed thoughout a preform 
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structure. The 2-D composite investigated had a density of 2.3 g/cm3, a fiber-volume fraction of 

35%, a residual porosity of 15%; the corresponding values for the 3-D composite were 2.6g/cm>, 

32%, and 11%, respectively. Optical micrographs showed that the matrix had uniformly infiltrated 

the Nicalon fibers in both performs, but had not uniformly infiltrated the preforms themselves. 

Large voids were found between fabric layers in the 2-D composite and small voids were found at 

bundle intersections. The tightly spaced, pore network in the 3-D braided composite was found to 

minimize voids in the matrix, although some large voids were also found at bundle intersections. 

The average flexural strengths of the as-received 2-D (L to fabric layers) and 3-D (_L to braiding 

direction) composites were 326 MPa and 692MPa, respectively. After being heat-treated at 

1200 °C for 100 hours, the strengths of both composite systems dropped by ~50 %. Fracture 

toughness values followed this same trend; i.e., dropping by ~S0 % after the composites were 

heat-treated. These results combined with examinations of fractured surfaces (optical microscopy 

and SEM) and crystal-phase analysis (X-ray diffraction) proved that 3-D architecture out-performs 

2-D architecture. The results also proved that the failure behavior and toughening mechanisms of 

composites are influenced by fiber architecture and the degree of matrix densification. 

Chemical Vapor Infiltration 

Chemical vapor infiltration (CVI) is a method of fabricating a composite by condensing matrix 

material from a gas phase on to a hot fiber preform [25]. A carrier gas or volatized liquid/solid, 

driven by a pressure differential, is passed through a fiber preform. Methyltrichlorosilane 

(CH3SiCl3) and hydrogen mixtures are often used as the gaseous reagents for producing a SiC 

matrix. The matrix material condenses on the fibers from the gas phase as the carrier gas moves 

through the fibrous preform. When CVI is used to form a SiC matrix, the deposit is usually 

crystalline B-SiC which has a cubic crystal structure. Typical processing parameters for the 

LITERATURE REVIEW 13



chemical vapor infiltration of a SiC/SiC composite are a 50 cm3/min. flow rate of CH3SiC13 

(gas), a 10:1 mixture of Hy to CH3SiCl3, and a pressure of 0.2 MPa [26]. 

There are five classifications of CVI which are based on how the preform is heated and the method 

used to introduce the gaseous reagents into the preform [25]: (1) isothermal - uniformly heated 

preform and diffusion-controlled flow of reagents, (2) thermal gradient - thermal gradient through 

preform thickness and diffusion controlled flow of reagents from cold to hot side of preform, (3) 

isothermal forced flow - uniformly heated preform and forced flow of reagents, (4) thermal 

gradient forced flow - thermal gradient through preform thickness and forced flow of reagents from 

cold to hot side of preform, and (5) pulsed flow - reagents are cyclically forced into and out of the 

preform. CVI is an attractive fabrication process for fiber-reinforced ceramic matrix composites 

because the process uses relatively low stresses and temperatures which reduce damage to fibrous 

preforms. CVI also produces matrices with refined microstructure and high purity, and a final 

composite structure with dimensions close to the dimensions of the original preform. These 

processing advantages yield fiber-reinforced ceramic matrix composites which have very good 

fracture toughness and potential for near-net-shape manufacturing. An added benefit is that CVI 

equipment also can be used to apply coatings to fibers to enhance the fibers' toughness and 

oxidation resistance, and reduce chemical interactions between the fibers and the matrix. © 

There are also several problems associated with this fabrication process [9]: (1) reactant and 

product gases etch the fibers, (2) voids form when gaseous products are entrapped in the matrix, 

(3) the thickness of the matrix deposit varies as the reactant in the carrier gas is depleted, and (4) 

matrix densification is not uniform because different conditions (fiber density, pressure, 

temperature, etc.) exist throughout the preform. Some of these problems can be solved by rotating 
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the preform, changing the flow direction of the carrier gas, stirring the carrier gas, or creating a 

temperature gradient to direct infiltration. 

Stinton ef al [26] have studied SiC/SiC composites which were fabricated using thermal-gradient 

forced-flow CVI. Using this fabrication process with layered cloth preforms, the researchers 

produced composites with maximum densities of 85-90% of theoretical density. However, large 

voids were present between the fiber tows and appeared to be aligned within the composite. SiC 

fibers were heat-treated at 1200 °C in H7-10% HCI to simulate CVI processing conditions; the 

fibers were then tensile tested to determine the effects of the CVI process. After being heat-treated 

at 1200 °C for one hour, the strength of the fibers dropped by 58%. Fibers heated-treated for one 

hour in the same atmosphere at 1100 and 1000 °C showed a strength decrease of 42% and 8.2%, 

respectively. These results suggest that the properties of CVI SiC/SiC composites may be 

improved by reducing processing temperatures. 

Nicalon/SiC Composite Systems 

SiC/SiC composites made with Nicalon fibers have received increased attention in the past decade. 

Improvements made to the fibers and to composite processing have yielded tougher SiC/SiC 

CMC's with enhanced mechanical and thermal characteristics. Lamicq et al from SEP (Societe 

Europeenne de Propulsion, Bordeaux, France) have fabricated and tested 2-D CVI Nicalon/SiC 

(CERASEP™) composites [27]. The investigators determined the mechanical and thermal 

properties, and studied the fracture behavior of the materials between RT and 2200 °C. They 

found that the bend strength of SiC/SiC gradually increased between RT and 1300 °C to = 400 

MPa and then progressively decreased to below 50 MPa at 2000 °C. The material experienced no 

loss in bend strength after being exposed to 1100 °C in air for 500 hours and after being cycled 
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100 times between 100-700 °C. These results indicate good oxidation resistance and thermal 

fatigue characteristics, respectively. The material also showed good thermal shock characteristics - 

an approximate 50 MPa decrease in bend strength was reported after the material had been heated 

to 1200 °C and quenched in water. 

In cooperation with SNECMA, SEP has also undertaken investigations of SiC/SiC (CERASEP) 

and C/SiC (SEPCARBINOX) for use in turbine engines [28]. The two research groups performed 

a series of cross-investigations to determine how these CMC's would behave in a turbine engine 

environment. According to Gauthier et al from SNECMA, ceramic matrix composites for long- 

term use in oxidizing atmospheres may be ranked as follows: 

(1) SiC/Borosilicate (400-600 °C) 

(2) SiC/Glass-Ceramic (up to 1000 °C) 

(3) SiC/SiC (1200 °C with coatings) 
(4) C/SiC (1500 °C with coatings; short-term exposure) 

(5) C/C (up to 2000 °C with coatings; short-term exposure) 

After extensive mechanical testing, the researchers established the mechanical properties of 2-D 

plain weave SiC/SiC and 2-D 5 HSW C/SiC flat-plate coupons. However, they also found that the 

misalignment of fibers in the complex shapes of engine parts can lead to as much as a 50% 

decrease in the mechanical properties predicted from the simple coupons. Studies of the oxidation 

phenomena in SiC/SiC showed that, in non-stressed specimens, oxygen enters the composite at cut 

ends or around surface fibers and moves along the fibers into the interior of the specimen. This 

phenomenon is called "pipeline" oxidation. In stressed specimens, oxygen also enters through 

microcracks in the matrix. The oxygen reacts with the thin carbon coating on the fibers to form 

CO and CO4; it also reacts with silicon in the fibers to form Si07. Thus, as the carbon coating 

LITERATURE REVIEW 16



evolves into a gas, a thin silica scale takes its place. This change in interfacial chemistry leads to 

the brittle behavior of oxidized SiC/SiC. 

2-2. Nondestructive Testing of High-Temperature CMC's 

The inhomogeneous, anisotropic nature of most ceramic matrix composites are challenging NDE 

techniques. Established NDT methods are being adapted and new methods are being created to 

investigate these complex material structures. According to Alex Vary of NASA, these changes 

are part of "analytical NDE" development [29]. As defined by Vary, “analytical NDE refers to an 

emerging body of technology dedicated to assessing flaw, damage, and degradation states in 

structural materials". The general classification of NDT methods which are best suited for the 

investigation of CMC's include the following: visual-optical examination, liquid penetrant 

inspection, radiography, and ultrasonics [30]. 

Sheppard has reviewed some of the most recent developments in nondestructive characterization of 

advanced ceramic materials [31]. In his review, Sheppard briefly describes the numerous projects 

being undertaken to optimize the life-cycle of CMC's by designing-for-NDE and developing NDE 

methodology for life-prediction. The review also includes new developments affecting the 

following NDT techniques: (1) radiography, (2) ultrasonics, (3) acoustic emission, (4) computed 

tomography, and (5) magnetic resonance imaging. Ellingson et al have prepared a similar report 

on the current status of NDE for structural ceramics [32]. Reports by Marshall [33], McCauley 

[34], Proulx et al [35], and Vary and Klima [36] are among the many other general reviews. 
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�o�r� �n�e�a�r� �R�T�,� �a�f�t�e�r� �a� �C�M�C� �s�p�e�c�i�m�e�n� �h�a�s� �b�e�e�n� �h�e�a�t� �t�r�e�a�t�e�d�.� �H�o�w�e�v�e�r�,� �p�r�o�g�r�e�s�s� �i�s� �b�e�i�n�g� �m�a�d�e� �t�o�w�a�r�d� 

�i�n�c�r�e�a�s�i�n�g� �t�h�i�s� �t�e�m�p�e�r�a�t�u�r�e� �l�i�m�i�t� �[�3�1�,� �3�7�]�.� 

�C�r�o�s�t�a�c�k� �a�n�d� �S�t�e�f�f�e�n�s� �[�3�7�]� �h�a�v�e� �i�n�v�e�s�t�i�g�a�t�e�d� �d�e�v�e�l�o�p�m�e�n�t�s� �i�n� �u�l�t�r�a�s�o�n�i�c� �t�e�s�t�i�n�g�,� �a�c�o�u�s�t�i�c� �e�m�i�s�s�i�o�n�,� 

�o�p�t�i�c�a�l� �h�o�l�o�g�r�a�p�h�y�,� �a�n�d� �e�d�d�y� �c�u�r�r�e�n�t� �t�e�s�t�i�n�g� �a�s� �t�h�e�y� �a�p�p�l�y� �t�o� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �m�a�t�e�r�i�a�l�s�.� �I�n� �t�h�e�i�r� 

�r�e�p�o�r�t� �t�h�e�y� �d�e�s�c�r�i�b�e� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �p�i�e�z�o�e�l�e�c�t�r�i�c� �t�r�a�n�s�d�u�c�e�r�s� �w�h�i�c�h� �c�a�n� �b�e� �u�s�e�d� �u�p� �t�o� �+�5�5�0� �°�C� 

�f�o�r� �b�r�i�e�f� �p�e�r�i�o�d�s� �o�f� �t�i�m�e�.� �T�h�e�y� �d�i�s�c�u�s�s� �t�h�e� �a�d�v�a�n�t�a�g�e�s� �o�f� �n�o�n�-�c�o�n�t�a�c�t� �u�l�t�r�a�s�o�u�n�d� �g�e�n�e�r�a�t�i�o�n� �b�y� 

�l�a�s�e�r�s� �w�h�i�c�h� �m�a�k�e�s� �i�t� �p�o�s�s�i�b�l�e� �t�o� �p�e�r�f�o�r�m� �l�o�n�g�-�t�e�r�m� �u�l�t�r�a�s�o�n�i�c� �t�e�s�t�i�n�g� �a�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

�C�r�o�s�t�a�c�k� �a�n�d� �S�t�e�f�f�e�n�s� �a�l�s�o� �e�m�p�h�a�s�i�z�e� �t�h�e� �p�r�o�b�l�e�m�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�n�-�s�i�t�u� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �N�D�E�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �c�h�a�n�g�e�s� �i�n� �t�h�e� �a�c�o�u�s�t�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �m�a�t�e�r�i�a�l�s� �a�t� �e�x�t�r�e�m�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �n�o�t� �w�e�l�l� 

�u�n�d�e�r�s�t�o�o�d� �a�n�d� �h�i�n�d�e�r� �t�h�e� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �N�D�E� �r�e�s�u�l�t�s�.� �S�i�m�i�l�a�r�l�y�,� �n�o�i�s�e� �f�r�o�m� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 

�o�x�i�d�e�s� �a�n�d� �s�p�a�l�l�i�n�g� �s�c�a�l�e� �c�o�m�p�l�i�c�a�t�e� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �a�c�o�u�s�t�i�c� �e�v�e�n�t�s� �w�h�e�n� �a�c�o�u�s�t�i�c� �e�m�i�s�s�i�o�n� 

�m�o�n�i�t�o�r�i�n�g� �i�s� �p�e�r�f�o�r�m�e�d� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �[�3�7�]�.� 

�T�h�e� �n�o�n�d�e�s�t�r�u�c�t�i�v�e� �t�e�s�t�i�n�g�,� �t�e�c�h�n�i�q�u�e�s� �u�s�e�d� �i�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �a� �N�i�c�a�l�o�n�/�S�i�C� 

�c�o�m�p�o�s�i�t�e� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �t�h�e�r�m�a�l� �e�x�p�o�s�u�r�e� �a�r�e� �r�e�v�i�e�w�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�.� �A�d�d�i�t�i�o�n�a�l� 

�s�u�p�p�o�r�t�i�n�g� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �r�e�v�i�e�w�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�h�a�p�t�e�r�.� 
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�S�c�a�n�n�i�n�g� �A�c�o�u�s�t�i�c� �M�i�c�r�o�s�c�o�p�y� 

�T�h�r�e�e� �k�i�n�d�s� �o�f� �a�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�e�s� �e�x�i�s�t� �f�o�r� �p�e�r�f�o�r�m�i�n�g� �N�D�E� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�,� �t�h�e�s�e� �i�n�c�l�u�d�e� �t�h�e� 

�f�o�l�l�o�w�i�n�g�:� �t�h�e� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �a�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�e� �(�S�E�A�M�)�,� �t�h�e� �s�c�a�n�n�i�n�g� �l�a�s�e�r� �a�c�o�u�s�t�i�c� 

�m�i�c�r�o�s�c�o�p�e� �(�S�L�A�M�)�,� �a�n�d� �t�h�e� �s�c�a�n�n�i�n�g� �a�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�e� �(�S�A�M�)�.� �U�n�l�i�k�e� �o�p�t�i�c�a�l� �m�i�c�r�o�s�c�o�p�e�s� 

�w�h�i�c�h� �u�s�e� �l�i�g�h�t� �f�o�r� �i�m�a�g�i�n�g�,� �a�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�e�s� �u�s�e� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �A�n�d�r�e�w� 

�B�r�i�g�g�s� �[�3�8�]�,� �t�h�e� �a�d�v�a�n�t�a�g�e�s� �t�o� �u�s�i�n�g� �a�c�o�u�s�t�i�c� �w�a�v�e�s� �f�o�r� �i�m�a�g�i�n�g� �a�r�e� �t�w�o�f�o�l�d�.� �F�i�r�s�t�,� �m�a�t�e�r�i�a�l�s� 

�w�h�i�c�h� �a�r�e� �o�p�a�q�u�e� �t�o� �l�i�g�h�t� �s�u�c�h� �a�s� �a�l�l�o�y�s� �a�n�d� �c�e�r�a�m�i�c�s� �a�r�e� �n�o�t� �o�p�a�q�u�e� �t�o� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s�;� 

�c�o�n�s�e�q�u�e�n�t�l�y�,� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �c�r�e�a�t�e� �s�u�r�f�a�c�e� �a�n�d� �s�u�b�s�u�r�f�a�c�e� �i�m�a�g�e�s� �o�f� �t�h�e�s�e� 

�m�a�t�e�r�i�a�l�s�.� �T�h�e� �s�e�c�o�n�d� �a�d�v�a�n�t�a�g�e� �i�s� �t�h�a�t� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s� �a�r�e� �s�c�a�t�t�e�r�e�d� �b�y� �e�l�a�s�t�i�c� �p�r�o�p�e�r�t�y� 

�v�a�r�i�a�t�i�o�n�s� �w�i�t�h�i�n� �m�a�t�e�r�i�a�l�s�.� �T�h�i�s� �s�c�a�t�t�e�r�i�n�g� �o�f� �w�a�v�e�s� �m�a�k�e�s� �i�t� �p�o�s�s�i�b�l�e� �t�o� �i�m�a�g�e� �v�o�i�d�s�,� �i�n�c�l�u�s�i�o�n�s�,� 

�a�n�d� �o�t�h�e�r� �i�n�t�e�r�n�a�l� �d�e�f�e�c�t�s�.� 

�I�n� �t�h�e� �p�a�s�t� �d�e�c�a�d�e�,� �a�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�y� �h�a�s� �b�e�e�n� �u�s�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �i�n�t�e�r�n�a�l� �o�r�g�a�n�i�z�a�t�i�o�n� �a�n�d� 

�s�t�r�u�c�t�u�r�e� �o�f� �b�i�o�l�o�g�i�c�a�l� �a�n�d� �m�a�n�-�m�a�d�e� �m�a�t�e�r�i�a�l�s�.� �H�u�m�a�n� �b�o�n�e�s� �a�n�d� �t�e�e�t�h�,� �p�r�i�n�t�e�d� �c�i�r�c�u�i�t� �b�o�a�r�d�s� 

�a�n�d� �s�e�m�i�c�o�n�d�u�c�t�o�r� �p�a�c�k�a�g�i�n�g�,� �a�n�d� �c�e�r�m�e�t�s� �a�n�d� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �a� �f�e�w� �e�x�a�m�p�l�e�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s� 

�w�h�i�c�h� �a�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�y� �h�a�s� �h�e�l�p�e�d� �c�h�a�r�a�c�t�e�r�i�z�e�.� �I�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �a� �2�-�D� �N�i�c�a�l�o�n�/�S�i�C� 

�c�o�m�p�o�s�i�t�e�,� �t�h�e� �s�c�a�n�n�i�n�g� �a�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�e� �w�a�s� �u�s�e�d� �t�o� �i�m�a�g�e� �s�u�b�-�s�u�r�f�a�c�e� �f�e�a�t�u�r�e�s� �i�n� �a�s�-� 

�f�a�b�r�i�c�a�t�e�d� �a�n�d� �h�e�a�t�-�t�r�e�a�t�e�d� �c�o�m�p�o�s�i�t�e� �c�o�u�p�o�n�s�.� �O�n�e� �o�f� �t�h�e� �m�a�i�n� �r�e�a�s�o�n�s� �f�o�r� �u�s�i�n�g� �S�A�M� �t�o� �s�t�u�d�y� 

�c�o�m�p�o�s�i�t�e�s� �i�s� �i�t�s� �s�e�n�s�i�t�i�v�i�t�y� �t�o� �f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e�s� �w�h�e�r�e� �t�h�e�r�e� �i�s� �a� �m�i�s�m�a�t�c�h� �o�f� �e�l�a�s�t�i�c� 

�p�r�o�p�e�r�t�i�e�s� �[�3�9�]�.� �I�n� �t�h�e�s�e� �r�e�g�i�o�n�s�,� �a�c�o�u�s�t�i�c� �w�a�v�e�s� �(�p�a�r�t�i�c�u�l�a�r�l�y� �R�a�y�l�e�i�g�h� �w�a�v�e�s�)� �a�r�e� �s�t�r�o�n�g�l�y� 

�r�e�f�l�e�c�t�e�d� �a�n�d� �p�r�o�v�i�d�e� �g�o�o�d� �c�o�n�t�r�a�s�t� �w�i�t�h�i�n� �s�c�a�n�n�i�n�g� �a�c�o�u�s�t�i�c� �m�i�c�r�o�g�r�a�p�h�s�.� 

�S�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �i�n�v�e�s�t�i�g�a�t�e�d� �S�A�M�'�s� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �c�e�r�a�m�i�c�s� �a�n�d� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�e�r�a�m�i�c� 

�c�o�m�p�o�s�i�t�e�s�.� �A�t�a�l�a�r� �h�a�s� �s�t�u�d�i�e�d� �t�h�e� �s�c�a�n�n�i�n�g� �a�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�e�'�s� �s�e�n�s�i�t�i�v�i�t�y� �t�o� �a�n�i�s�o�t�r�o�p�i�c� 
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�m�a�t�e�r�i�a�l�s� �a�n�d� �h�a�s� �p�r�o�p�o�s�e�d� �a� �n�e�w� �l�e�n�s� �d�e�s�i�g�n� �t�o� �e�n�h�a�n�c�e� �t�h�i�s� �s�e�n�s�i�t�i�v�i�t�y� �[�4�0�,� �4�1�]�.� �N�A�S�A� 

�r�e�s�e�a�r�c�h�e�r�s�,� �V�a�r�y� �a�n�d� �K�l�i�m�a�,� �h�a�v�e� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �a�b�i�l�i�t�y� �o�f� �S�A�M� �t�o� �d�e�t�e�c�t� �f�l�a�w�s� �i�n� �a�d�v�a�n�c�e�d� 

�s�t�r�u�c�t�u�r�a�l� �c�e�r�a�m�i�c�s� �[�4�2�]�.� �S�e�v�e�r�a�l� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �e�m�p�l�o�y�e�d� �S�A�M� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �c�e�r�a�m�i�c�s� 

�a�n�d� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �C�M�C�'�s�.� 

�L�a�w�r�e�n�c�e� �e�t� �a�l� �[�4�3�]� �h�a�v�e� �u�s�e�d� �S�A�M� �t�o� �d�e�t�e�c�t� �c�r�a�c�k�s� �i�n� �h�o�t�-�p�r�e�s�s�e�d� �S�i�z�N�4�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� 

�c�r�a�c�k�s� �w�e�r�e� �v�i�s�i�b�l�e� �f�o�r� �n�e�g�a�t�i�v�e� �d�e�f�o�c�u�s� �a�n�d� �c�o�n�d�i�t�i�o�n�s� �w�h�i�c�h� �o�p�t�i�m�i�z�e�d� �i�n�t�e�r�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� 

�i�n�c�i�d�e�n�t� �a�n�d� �r�e�f�l�e�c�t�e�d� �R�a�y�l�e�i�g�h� �w�a�v�e�s�.� �T�h�e�y� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �t�o� �i�m�a�g�e� �s�u�b�-�s�u�r�f�a�c�e� �c�r�a�c�k�s�,� �t�h�e� 

�u�l�t�r�a�s�o�n�i�c� �w�a�v�e�l�e�n�g�t�h� �u�s�e�d� �t�o� �i�n�s�p�e�c�t� �t�h�e� �c�e�r�a�m�i�c� �h�a�d� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �t�o�,� �o�r� �a� �l�a�r�g�e� 

�f�r�a�c�t�i�o�n� �o�f�,� �t�h�e� �d�e�p�t�h� �o�f� �t�h�e� �c�r�a�c�k�.� 

�F�a�t�k�i�n� �e�t� �a�l� �[�3�9�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �s�i�m�i�l�a�r� �f�i�n�d�i�n�g�s� �i�n� �t�h�e�i�r� �S�A�M� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �e�n�g�i�n�e�e�r�i�n�g� �c�e�r�a�m�i�c�s� 

�a�n�d� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�e�r�a�m�i�c� �c�o�m�p�o�s�i�t�e�s�.� �T�h�e�y� �t�o�o� �f�o�u�n�d� �t�h�a�t� �t�h�e� �g�r�e�a�t�e�s�t� �c�o�n�t�r�a�s�t� �i�n� �S�A�M� �i�m�a�g�e�s� 

�w�a�s� �o�b�t�a�i�n�e�d� �i�n� �n�e�g�a�t�i�v�e� �d�e�f�o�c�u�s�,� �a�n�d� �t�h�a�t� �c�r�a�c�k�s� �w�e�r�e� �m�a�d�e� �v�i�s�i�b�l�e� �b�y� �f�r�i�n�g�e� �p�a�t�t�e�r�n�s� �c�r�e�a�t�e�d� �b�y� 

�R�a�y�l�e�i�g�h� �w�a�v�e� �i�n�t�e�r�f�e�r�e�n�c�e�.� �F�a�t�k�i�n� �e�f� �a�l� �a�l�s�o� �f�o�u�n�d� �t�h�a�t� �S�A�M� �c�o�u�l�d� �b�e� �u�s�e�d� �t�o� �i�m�a�g�e� �v�a�r�i�a�t�i�o�n�s� �i�n� 

�p�o�r�o�s�i�t�y� �a�m�o�n�g� �d�i�f�f�e�r�e�n�t� �m�o�n�o�l�i�t�h�i�c� �c�e�r�a�m�i�c�s�,� �a�n�d� �t�o� �c�a�l�c�u�l�a�t�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �(�K�y�,�)� �m�o�r�e� 

�a�c�c�u�r�a�t�e�l�y�.� �F�a�t�k�i�n� �e�f� �a�l� �w�e�r�e� �a�b�l�e� �t�o� �m�o�r�e� �a�c�c�u�r�a�t�e�l�y� �c�a�l�c�u�l�a�t�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �b�y� �u�s�i�n�g� �S�A�M� 

�t�o� �m�e�a�s�u�r�e� �t�h�e� �l�e�n�g�t�h�s� �o�f� �r�a�d�i�a�l� �c�r�a�c�k�s� �c�r�e�a�t�e�d� �w�i�t�h� �a� �V�i�c�k�e�r�s� �i�n�d�e�n�t�o�r�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e�s�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �o�f� �m�o�n�o�l�i�t�h�i�c� �c�e�r�a�m�i�c�s�,� �F�a�t�k�i�n� �e�t� �a�l� �[�3�9�]� �h�a�v�e� �a�t�t�e�m�p�t�e�d� �t�o� �u�s�e� 

�S�A�M� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �c�o�n�d�i�t�i�o�n� �o�f� �i�n�t�e�r�f�a�c�i�a�l� �b�o�n�d�s� �i�n� �c�e�r�a�m�i�c�s� �r�e�i�n�f�o�r�c�e�d� �w�i�t�h� �S�i�C� �f�i�b�e�r�s� �a�n�d� 

�w�h�i�s�k�e�r�s�.� �I�n� �S�i�C� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �p�y�r�e�x� �(�P�y�s�i�c�)�,� �t�h�e�y� �f�o�u�n�d� �t�h�a�t� �d�i�s�c�o�n�t�i�n�u�i�t�i�e�s� �a�p�p�e�a�r�i�n�g� �a�t� �f�i�b�e�r�-� 

�m�a�t�r�i�x� �b�o�u�n�d�a�r�i�e�s� �i�n� �S�A�M� �i�m�a�g�e�s� �m�a�y� �s�u�g�g�e�s�t� �d�i�s�b�o�n�d� �r�e�g�i�o�n�s�.� �T�h�e�i�r� �s�t�u�d�i�e�s� �o�f� �s�i�n�g�l�e� �f�i�b�e�r� �P�y�s�i�c� 

�s�p�e�c�i�m�e�n�s� �a�l�s�o� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e�r�e� �m�a�y� �b�e� �a� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �d�e�g�r�e�e� �o�f� �c�o�n�t�r�a�s�t� �a�t� �t�h�e� �f�i�b�e�r�-� 
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�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �i�n� �S�A�M� �i�m�a�g�e�s� �a�n�d� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h�.� �C�o�n�t�r�a�r�y� �t�o� �t�h�e� �r�e�s�e�a�r�c�h�e�r�s� 

�e�x�p�e�c�t�a�t�i�o�n�s�,� �t�h�e� �s�p�e�c�i�m�e�n�s� �w�h�i�c�h� �e�x�h�i�b�i�t�e�d� �s�h�o�r�t� �f�i�b�e�r� �p�u�l�l�-�o�u�t� �l�e�n�g�t�h�s� �i�n� �f�l�e�x�u�r�a�l� �t�e�s�t�s�,� �i�n�d�i�c�a�t�i�v�e� 

�o�f� �g�r�e�a�t�e�r� �b�o�n�d� �s�t�r�e�n�g�t�h�,� �h�a�d� �h�i�g�h� �c�o�n�t�r�a�s�t� �a�t� �t�h�e� �f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e�.� �T�h�e� �s�p�e�c�i�m�e�n�s� �w�i�t�h� �l�a�r�g�e� 

�p�u�l�l�-�o�u�t� �l�e�n�g�t�h�s� �h�a�d� �l�o�w� �c�o�n�t�r�a�s�t� �a�t� �t�h�e� �f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �a�t�t�r�i�b�u�t�e�d� �t�h�e�i�r� 

�f�i�n�d�i�n�g�s� �t�o� �t�h�e� �t�h�e�r�m�o�e�l�a�s�t�i�c� �s�t�r�e�s�s�e�s� �t�h�a�t� �d�e�v�e�l�o�p� �b�e�t�w�e�e�n� �p�y�r�e�x� �g�l�a�s�s� �a�n�d� �s�i�l�i�c�o�n� �c�a�r�b�i�d�e� �b�e�c�a�u�s�e� 

�o�f� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �d�i�f�f�e�r�e�n�c�e�s�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �s�t�r�o�n�g�e�r� �i�n�t�e�r�f�a�c�e�s� �w�o�u�l�d� �i�n�h�i�b�i�t� �s�t�r�e�s�s� 

�r�e�l�i�e�f� �o�n� �c�o�o�l�i�n�g� �a�n�d�,� �c�o�n�s�e�q�u�e�n�t�l�y�,� �w�o�u�l�d� �c�r�e�a�t�e� �r�e�s�i�d�u�a�l� �s�t�r�a�i�n� �f�i�e�l�d�s� �a�r�o�u�n�d� �t�h�e� �f�i�b�e�r�s�.� 

�I�n� �a� �s�i�m�i�l�a�r� �S�A�M� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �S�i�C� �f�i�b�e�r�s� �(�T�e�x�t�r�o�n� �S�C�S�-�6�)� �i�n� �r�e�a�c�t�i�o�n� �b�o�n�d�e�d� �S�i�3�N�q�,� �S�a�t�h�i�s�h� 

�e�t� �a�l� �[�4�4�]� �h�a�v�e� �c�o�r�r�e�l�a�t�e�d� �t�h�e� �c�l�a�r�i�t�y� �o�f� �f�r�i�n�g�e� �p�a�t�t�e�r�n�s� �a�n�d� �l�i�n�e� �s�c�a�n�s� �i�n� �a�c�o�u�s�t�i�c� �m�i�c�r�o�g�r�a�p�h�s� �w�i�t�h� 

�i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h�.� �S�a�t�h�i�s�h� �e�t� �a�/� �f�o�u�n�d� �t�h�a�t� �R�a�y�l�e�i�g�h� �w�a�v�e�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �o�n� �t�h�e� �S�i�C� 

�s�u�r�f�a�c�e� �o�f� �t�h�e� �f�i�b�e�r�s�.� �T�h�e�s�e� �w�a�v�e�s� �p�r�o�p�a�g�a�t�e�d� �t�o�w�a�r�d� �t�h�e� �f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �w�h�e�r�e� �t�h�e�y� �w�e�r�e� 

�e�i�t�h�e�r� �r�e�f�l�e�c�t�e�d� �o�r� �t�r�a�n�s�m�i�t�t�e�d�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �i�m�p�e�d�a�n�c�e� �m�i�s�m�a�t�c�h� �b�e�t�w�e�e�n� �t�h�e� �f�i�b�e�r� �a�n�d� �t�h�e� 

�m�a�t�r�i�x�.� �I�f� �t�h�e�r�e� �w�a�s� �g�o�o�d� �f�i�b�e�r�-�m�a�t�r�i�x� �c�o�n�t�a�c�t�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �h�i�g�h� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h�,� 

�m�o�s�t� �o�f� �t�h�e� �e�n�e�r�g�y� �w�a�s� �t�r�a�n�s�m�i�t�t�e�d� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�.� �O�n�l�y� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �e�n�e�r�g�y� �(�1�0�%�)� �w�a�s� 

�r�e�f�l�e�c�t�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� �T�h�i�s� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �r�e�f�l�e�c�t�e�d� �e�n�e�r�g�y� �a�p�p�e�a�r�e�d� �a�s� �a� �l�o�w� �a�m�p�l�i�t�u�d�e� 

�s�t�a�n�d�i�n�g� �w�a�v�e� �a�n�d� �w�a�s� �s�e�e�n� �i�n� �t�h�e� �S�A�M� �i�m�a�g�e� �a�s� �b�l�u�r�r�e�d� �f�r�i�n�g�e� �p�a�t�t�e�r�n�s� �a�n�d� �l�i�n�e� �s�c�a�n�s�.� �I�f� �t�h�e� 

�f�i�b�e�r�-�m�a�t�r�i�x� �c�o�n�t�a�c�t� �w�a�s� �p�o�o�r� �a�n�d� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �w�a�s� �w�e�a�k�,� �m�o�s�t� �o�f� �t�h�e� �e�n�e�r�g�y� �w�a�s� 

�r�e�f�l�e�c�t�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �r�e�s�u�l�t�i�n�g� �s�t�a�n�d�i�n�g� �w�a�v�e� �h�a�d� �a� �h�i�g�h� �a�m�p�l�i�t�u�d�e�,� �a�n�d� �t�h�e� 

�f�r�i�n�g�e� �p�a�t�t�e�r�n�s� �a�n�d� �l�i�n�e� �s�c�a�n�s� �w�e�r�e� �v�e�r�y� �p�r�o�n�o�u�n�c�e�d� �i�n� �t�h�e� �S�A�M� �i�m�a�g�e�.� 

�I�n� �a�n�o�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �S�a�t�h�i�s�h� �e�t� �a�l� �[�4�5�]� �u�s�e�d� �S�A�M� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �e�l�a�s�t�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �S�C�S�-�6� 

�f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �t�i�t�a�n�i�u�m� �m�a�t�r�i�x� �a�t� �t�h�e� �m�i�c�r�o�s�t�r�u�c�t�u�r�a�l� �l�e�v�e�l�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �c�o�n�t�r�a�s�t� �i�n� �S�A�M� 

�i�m�a�g�e�s� �c�o�u�l�d� �b�e� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �m�i�c�r�o�s�t�r�u�c�t�u�r�e� �a�n�d� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�i�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �h�i�g�h� 
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�r�e�s�o�l�u�t�i�o�n� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �a�n�d� �e�l�e�c�t�r�o�n� �d�i�f�f�r�a�c�t�i�o�n� �a�n�a�l�y�s�i�s�,� �t�h�e� �S�C�S�-�6� �f�i�b�e�r�s� �c�o�n�s�i�s�t�e�d� �o�f� �a� 

�c�a�r�b�o�n� �c�o�r�e� �(�r�a�n�d�o�m�l�y� �o�r�i�e�n�t�e�d� �c�r�y�s�t�a�l�s�)�,� �f�o�u�r� �l�a�y�e�r�s� �o�f� �S�i�C�,� �a�n�d� �a� �c�a�r�b�o�n�a�c�e�o�u�s� �c�o�a�t�i�n�g� �(�r�a�d�i�a�l�l�y� 

�a�l�i�g�n�e�d� �c�r�y�s�t�a�l�s�)�.� �I�n� �t�h�e� �S�A�M� �i�m�a�g�e�s�,� �t�h�e� �o�u�t�e�r� �c�a�r�b�o�n� �l�a�y�e�r� �w�a�s� �m�o�r�e� �r�e�f�l�e�c�t�i�v�e� �t�h�a�n� �t�h�e� �i�n�n�e�r� 

�c�a�r�b�o�n� �c�o�r�e�,� �a�n�d� �t�h�e� �S�i�C� �r�e�g�i�o�n�s� �w�e�r�e� �g�e�n�e�r�a�l�l�y� �m�o�r�e� �r�e�f�l�e�c�t�i�v�e� �t�h�a�n� �t�h�e� �c�a�r�b�o�n� �r�e�g�i�o�n�s�;� �h�o�w�e�v�e�r�,� 

�t�h�e�r�e� �w�e�r�e� �n�o� �o�b�s�e�r�v�a�b�l�e� �c�h�a�n�g�e�s� �i�n� �c�o�n�t�r�a�s�t� �a�m�o�n�g� �t�h�e� �f�o�u�r� �S�i�C� �l�a�y�e�r�s�.� 

�A�c�o�u�s�t�o�-�U�l�t�r�a�s�o�n�i�c�s� 

�A�c�o�u�s�t�o�-�u�l�t�r�a�s�o�n�i�c�s� �(�A�U�)� �i�s� �a� �r�e�l�a�t�i�v�e�l�y� �n�e�w� �N�D�T� �t�e�c�h�n�i�q�u�e� �c�o�m�b�i�n�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �b�o�t�h� 

�a�c�o�u�s�t�i�c� �e�m�i�s�s�i�o�n� �a�n�d� �u�l�t�r�a�s�o�n�i�c�s�,� �h�e�n�c�e� �t�h�e� �n�a�m�e� �a�c�o�u�s�t�o�-�u�l�t�r�a�s�o�n�i�c�s�.� �T�h�i�s� �l�o�w�-�f�r�e�q�u�e�n�c�y� �(�<� �3�0� 

�M�H�z�)� �u�l�t�r�a�s�o�n�i�c� �t�e�c�h�n�i�q�u�e� �w�a�s� �i�n�i�t�i�a�l�l�y� �d�e�v�e�l�o�p�e�d� �t�o� �n�o�n�d�e�s�t�r�u�c�t�i�v�e�l�y� �e�v�a�l�u�a�t�e� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� 

�l�a�m�i�n�a�r� �b�o�u�n�d�a�r�i�e�s� �f�o�u�n�d� �i�n� �f�i�b�e�r�/�p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �[�4�6�]�;� �h�o�w�e�v�e�r�,� �i�t�s� �a�p�p�l�i�c�a�t�i�o�n� �h�a�s� �s�i�n�c�e� �b�e�e�n� 

�e�x�p�a�n�d�e�d� �t�o� �c�e�r�a�m�i�c� �c�o�m�p�o�s�i�t�e�s�.� �I�n� �g�e�n�e�r�a�l�,� �a�n� �A�U� �s�y�s�t�e�m� �c�o�n�s�i�s�t�s� �o�f� �a�n� �e�x�c�i�t�a�t�i�o�n� �s�o�u�r�c�e�,� �a� 

�d�e�t�e�c�t�o�r�,� �a�n�d� �a� �m�e�t�h�o�d� �f�o�r� �a�n�a�l�y�z�i�n�g� �d�a�t�a�.� �P�i�e�z�o�e�l�e�c�t�r�i�c� �t�r�a�n�s�d�u�c�e�r�s�,� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �a�c�o�u�s�t�i�c� 

�t�r�a�n�s�d�u�c�e�r�s� �(�E�M�A�T�'�s�)�,� �a�n�d� �l�a�s�e�r�s� �a�r�e� �c�o�m�m�o�n�l�y� �u�s�e�d� �a�s� �s�o�u�r�c�e�s� �a�n�d� �d�e�t�e�c�t�o�r�s�;� �m�e�t�h�o�d�s� �o�f� �d�a�t�a� 

�a�n�a�l�y�s�i�s� �i�n�c�l�u�d�e� �a�n�a�l�o�g� �a�n�d� �d�i�g�i�t�a�l� �d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n�,� �a�n�d� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �[�4�7�,� �4�8�]�.� �T�h�e� �c�o�n�s�t�r�a�i�n�t�s� 

�i�m�p�o�s�e�d� �b�y� �t�h�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s�,� �s�i�z�e�,� �s�h�a�p�e�,� �a�n�d� �l�o�c�a�t�i�o�n� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �t�e�s�t� �m�a�t�e�r�i�a�l� �g�o�v�e�r�n� �t�h�e� 

�c�h�o�i�c�e� �o�f� �s�o�u�r�c�e�,� �d�e�t�e�c�t�o�r�,� �a�n�d� �d�a�t�a� �a�n�a�l�y�s�i�s� �s�y�s�t�e�m�.� 

�I�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �p�o�r�o�s�i�t�y� �o�f� �t�h�e� �N�i�c�a�l�o�n�/�S�i�C� �s�p�e�c�i�m�e�n�s� �i�n�f�l�u�e�n�c�e�d� �t�h�e� �c�h�o�i�c�e� �o�f� �d�r�y�-�c�o�u�p�l�e�d� 

�t�r�a�n�s�d�u�c�e�r�s� �f�o�r� �t�r�a�n�s�m�i�t�t�i�n�g� �a�n�d� �r�e�c�e�i�v�i�n�g� �u�l�t�r�a�s�o�n�i�c� �e�n�e�r�g�y�.� �A�s� �e�x�p�l�a�i�n�e�d� �b�y� �B�h�a�r�d�w�a�j� �[�4�9�]�,� 

�p�o�r�o�u�s� �m�a�t�e�r�i�a�l�s� �s�u�c�h� �a�s� �c�e�r�a�m�i�c� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s� �a�b�s�o�r�b� �t�h�e� �l�i�q�u�i�d� �c�o�u�p�l�a�n�t�s� �w�h�i�c�h� �m�u�s�t� �b�e� 

�u�s�e�d� �w�i�t�h� �m�o�s�t� �c�o�n�t�a�c�t�-�t�r�a�n�s�d�u�c�e�r�s�.� �T�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� �l�i�q�u�i�d�-�c�o�u�p�l�e�d� �t�r�a�n�s�d�u�c�e�r�s� �a�r�e� 

�n�o�t� �r�e�p�r�o�d�u�c�i�b�l�e� �b�e�c�a�u�s�e� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �c�o�u�p�l�a�n�t� �l�a�y�e�r� �b�e�t�w�e�e�n� �t�h�e� �t�r�a�n�s�d�u�c�e�r�s� �a�n�d� �t�h�e� 

�p�o�r�o�u�s� �m�a�t�e�r�i�a�l� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �t�i�m�e�.� �D�r�y�-�c�o�u�p�l�e�d� �t�r�a�n�s�d�u�c�e�r�s� �a�r�e� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �t�o� �l�i�q�u�i�d�-�c�o�u�p�l�e�d� 
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�t�r�a�n�s�d�u�c�e�r�s�,� �a�l�t�h�o�u�g�h� �t�h�e� �r�o�u�g�h� �t�e�x�t�u�r�e�d� �s�u�r�f�a�c�e�s� �o�f� �C�M�C�'�s� �a�l�s�o� �p�o�s�e� �p�r�o�b�l�e�m�s� �f�o�r� �d�r�y�-�c�o�u�p�l�i�n�g� 

�t�e�c�h�n�i�q�u�e�s�.� 

�I�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �t�w�o� �d�r�y�-�c�o�u�p�l�e�d� �p�i�e�z�o�e�l�e�c�t�r�i�c� �t�r�a�n�s�d�u�c�e�r�s�,� �o�n�e� �a� �s�o�u�r�c�e� �a�n�d� �o�n�e� �a� �d�e�t�e�c�t�o�r�,� 

�w�e�r�e� �u�s�e�d� �t�o� �u�l�t�r�a�s�o�n�i�c�a�l�l�y� �t�e�s�t� �a�s�-�f�a�b�r�i�c�a�t�e�d� �a�n�d� �h�e�a�t�-�t�r�e�a�t�e�d� �S�i�C�/�S�i�C� �s�p�e�c�i�m�e�n�s�.� �T�h�e� �s�p�e�c�i�m�e�n�s� 

�w�e�r�e� �t�e�s�t�e�d� �i�n� �t�h�e�i�r� �a�s�-�r�e�c�e�i�v�e�d� �f�o�r�m� �w�i�t�h� �n�o� �s�u�r�f�a�c�e� �p�r�e�p�a�r�a�t�i�o�n�.� �T�h�e� �t�w�o� �d�r�y�-�c�o�u�p�l�e�d� �t�r�a�n�s�d�u�c�e�r�s� 

�w�e�r�e� �p�l�a�c�e�d� �o�n� �t�h�e� �s�a�m�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�.� �O�n�e� �t�r�a�n�s�d�u�c�e�r� �t�r�a�n�s�m�i�t�t�e�d� �u�l�t�r�a�s�o�n�i�c� �e�n�e�r�g�y� 

�i�n�t�o� �t�h�e� �s�p�e�c�i�m�e�n�,� �s�i�m�u�l�a�t�i�n�g� �t�h�e� �s�t�r�e�s�s� �w�a�v�e�s� �p�r�o�d�u�c�e�d� �b�y� �m�e�c�h�a�n�i�c�a�l� �l�o�a�d�i�n�g�;� �t�h�e� �o�t�h�e�r� 

�t�r�a�n�s�d�u�c�e�r� �r�e�c�e�i�v�e�d� �t�h�i�s� �e�n�e�r�g�y� �i�n� �t�h�e� �f�o�r�m� �o�f� �s�u�r�f�a�c�e� �d�i�s�p�l�a�c�e�m�e�n�t�s�.� �A�s� �t�h�e� �s�t�r�e�s�s� �w�a�v�e�s� 

�p�r�o�p�a�g�a�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�p�e�c�i�m�e�n�,� �s�t�r�u�c�t�u�r�a�l� �a�n�d� �m�a�t�e�r�i�a�l� �v�a�r�i�a�t�i�o�n�s� �a�l�t�e�r�e�d� �t�h�e�s�e� �w�a�v�e�s�.� �T�h�e� 

�c�o�n�d�i�t�i�o�n� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �t�r�a�n�s�d�u�c�e�r�s� �w�a�s� �t�h�e�n� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� �e�n�e�r�g�y� �t�h�a�t� �w�a�s� 

�d�e�t�e�c�t�e�d� �b�y� �t�h�e� �r�e�c�e�i�v�e�r�.� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �A�U� �i�s� �t�o� �e�v�a�l�u�a�t�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�y� �v�a�r�i�a�t�i�o�n�s� �o�r� �d�i�s�t�r�i�b�u�t�e�d� �d�a�m�a�g�e� �w�i�t�h�i�n� �a� �t�e�s�t� 

�o�b�j�e�c�t� �a�s� �a� �c�o�l�l�e�c�t�i�v�e� �w�h�o�l�e� �[�4�7�]�.� �M�o�r�e� �a�p�p�r�o�p�r�i�a�t�e� �N�D�T� �t�e�c�h�n�i�q�u�e�s� �s�u�c�h� �a�s� �r�a�d�i�o�g�r�a�p�h�y�,� 

�u�l�t�r�a�s�o�n�i�c� �C�-�s�c�a�n�s�,� �a�n�d� �c�o�m�p�u�t�e�d� �t�o�m�o�g�r�a�p�h�y� �m�a�y� �b�e� �u�s�e�d� �t�o� �i�d�e�n�t�i�f�y� �a�n�d� �l�o�c�a�t�e� �i�n�d�i�v�i�d�u�a�l� �f�l�a�w�s�.� 

�A�U� �1�s� �b�e�s�t� �s�u�i�t�e�d� �f�o�r� �e�v�a�l�u�a�t�i�n�g� �t�h�e� �c�o�l�l�e�c�t�i�v�e� �c�o�n�d�i�t�i�o�n� �o�f� �a� �t�e�s�t� �o�b�j�e�c�t� �b�e�c�a�u�s�e� �o�f� �t�h�e� �w�a�y� 

�a�s�s�o�c�i�a�t�e�d� �s�t�r�e�s�s� �w�a�v�e�s� �p�r�o�p�a�g�a�t�e�.� �I�n� �a�n� �a�n�i�s�o�t�r�o�p�i�c� �m�a�t�e�r�i�a�l�,� �s�u�c�h� �a�s� �a� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�e�r�a�m�i�c� 

�m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�,� �t�h�e� �m�o�d�e�s� �o�f� �w�a�v�e� �p�r�o�p�a�g�a�t�i�o�n� �a�r�e� �n�o�t� �p�u�r�e� �[�5�0�,� �5�1�]� �.� �E�a�c�h� �w�a�v�e� �m�o�d�e� �h�a�s� 

�c�o�m�p�o�n�e�n�t�s� �w�h�i�c�h� �a�r�e� �p�a�r�a�l�l�e�l� �a�n�d� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �w�a�v�e� �n�o�r�m�a�l�.� �T�h�e�s�e� �w�a�v�e�s� �a�r�e� �d�e�n�o�t�e�d� �b�y� 

�t�h�e�i�r� �d�o�m�i�n�a�n�t� �c�o�m�p�o�n�e�n�t�:� �q�u�a�s�i�-�l�o�n�g�i�t�u�d�i�n�a�l� �w�a�v�e�s� �h�a�v�e� �l�a�r�g�e� �p�a�r�a�l�l�e�l� �c�o�m�p�o�n�e�n�t�s�,� �a�n�d� �q�u�a�s�i�-� 

�s�h�e�a�r� �w�a�v�e�s� �h�a�v�e� �l�a�r�g�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �c�o�m�p�o�n�e�n�t�s�.� �A�c�c�o�r�d�i�n�g�l�y�,� �t�h�e� �u�l�t�r�a�s�o�n�i�c� �s�i�g�n�a�l� �d�o�e�s� �n�o�t� 

�t�r�a�c�e� �a� �s�i�n�g�l�e� �p�a�t�h� �t�h�r�o�u�g�h� �a� �C�M�C�;� �i�n�s�t�e�a�d�,� �t�h�e� �s�i�g�n�a�l� �f�o�l�l�o�w�s� �m�a�n�y� �p�a�t�h�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�i�f�f�e�r�e�n�t� 

�m�o�d�e�s� �o�f� �s�t�r�e�s�s� �w�a�v�e� �p�r�o�p�a�g�a�t�i�o�n� �[�4�7�]�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�u�r�f�a�c�e� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e�s�e� 
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�c�o�m�b�i�n�e�d� �m�o�d�e�s� �o�f� �s�t�r�e�s�s� �w�a�v�e� �p�r�o�p�a�g�a�t�i�o�n�,� �r�e�p�r�e�s�e�n�t�i�n�g� �a� �c�o�l�l�e�c�t�i�v�e� �r�a�t�h�e�r� �t�h�a�n� �a� �l�o�c�a�l� �m�a�t�e�r�i�a�l� 

�c�o�n�d�i�t�i�o�n�.� 

�S�e�v�e�r�a�l� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �u�n�d�e�r�t�a�k�e�n� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �s�t�r�u�c�t�u�r�a�l� �c�e�r�a�m�i�c�s� �a�n�d� �c�e�r�a�m�i�c� 

�c�o�m�p�o�s�i�t�e�s� �u�s�i�n�g� �u�l�t�r�a�s�o�n�i�c� �m�e�t�h�o�d�s�.� �G�r�e�e�n� �[�5�0�]� �h�a�s� �s�t�u�d�i�e�d� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e� �p�r�o�p�a�g�a�t�i�o�n� �i�n� 

�s�o�l�i�d�s�,� �c�o�m�p�a�r�i�n�g� �i�s�o�t�r�o�p�i�c� �t�o� �a�n�i�s�o�t�r�o�p�i�c�,� �a�n�d� �l�i�n�e�a�r�-�e�l�a�s�t�i�c� �t�o� �n�o�n�-�l�i�n�e�a�r� �e�l�a�s�t�i�c� �m�a�t�e�r�i�a�l�s�.� �K�l�i�m�a� 

�a�n�d� �B�a�a�k�l�i�n�i� �[�5�2�]� �h�a�v�e� �c�o�r�r�e�l�a�t�e�d� �v�a�r�i�a�t�i�o�n�s� �i�n� �u�l�t�r�a�s�o�n�i�c� �v�e�l�o�c�i�t�y� �w�i�t�h� �c�h�a�n�g�e�s� �i�n� �b�u�l�k� �d�e�n�s�i�t�y�,� 

�a�n�d� �v�a�r�i�a�t�i�o�n�s� �i�n� �u�l�t�r�a�s�o�n�i�c� �a�t�t�e�n�u�a�t�i�o�n� �w�i�t�h� �c�h�a�n�g�e�s� �i�n� �g�r�a�i�n� �s�i�z�e� �a�n�d� �p�o�r�o�s�i�t�y�.� �T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� 

�t�h�e�i�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �m�o�n�o�l�i�t�h�i�c� �s�i�l�i�c�o�n� �n�i�t�r�i�d�e� �a�n�d� �s�i�l�i�c�o�n� �c�a�r�b�i�d�e� �s�h�o�w�e�d� �t�h�a�t� �u�l�t�r�a�s�o�n�i�c� �v�e�l�o�c�i�t�y� 

�i�n�c�r�e�a�s�e�d� �w�i�t�h� �b�u�l�k� �d�e�n�s�i�t�y�,� �a�n�d� �u�l�t�r�a�s�o�n�i�c� �a�t�t�e�n�u�a�t�i�o�n� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �g�r�a�i�n� �s�i�z�e� �a�n�d� �p�o�r�o�s�i�t�y�.� 

�H�e�m�a�n�n� �a�n�d� �B�a�a�k�l�i�n�i� �[�5�3�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �o�n� �a� �s�i�m�i�l�a�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �a� �g�r�a�p�h�i�t�e�-�e�p�o�x�y� �f�i�b�e�r�-� 

�r�e�i�n�f�o�r�c�e�d� �c�o�m�p�o�s�i�t�e� �i�n� �w�h�i�c�h� �u�l�t�r�a�s�o�n�i�c� �a�t�t�e�n�u�a�t�i�o�n� �a�n�d� �w�a�v�e� �s�p�e�e�d� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �t�e�n�s�i�l�e� �s�t�r�e�s�s�.� �T�h�e�y� �f�o�u�n�d� �a� �s�t�r�o�n�g� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �u�l�t�r�a�s�o�n�i�c� �a�t�t�e�n�u�a�t�i�o�n� �a�n�d� �a�p�p�l�i�e�d� �s�t�r�e�s�s�,� 

�a�n�d� �a� �w�e�a�k� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �w�a�v�e� �s�p�e�e�d� �a�n�d� �a�p�p�l�i�e�d� �s�t�r�e�s�s�.� �T�h�e�y� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �b�o�t�h� 

�a�t�t�e�n�u�a�t�i�o�n� �a�n�d� �w�a�v�e� �s�p�e�e�d� �w�e�r�e� �f�r�e�q�u�e�n�c�y� �d�e�p�e�n�d�e�n�t�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �d�o�n�e� �e�x�t�e�n�s�i�v�e� �w�o�r�k� �i�n� �u�l�t�r�a�s�o�n�i�c�s� �a�n�d� �a�c�o�u�s�t�o�-�u�l�t�r�a�s�o�n�i�c�s�:� �M�.� �C�.� 

�B�h�a�r�d�w�a�j�,� �G�e�o�r�g�e� �Y�.� �B�a�a�k�l�i�n�i�,� �E�d�w�a�r�d� �R�.� �G�e�n�e�r�a�z�i�o�,� �H�a�r�o�l�d� �E�.� �K�a�u�t�z�,� �a�n�d� �A�l�e�x� �V�a�r�y� �(�a�l�l� �e�x�c�e�p�t� 

�B�h�a�r�d�w�a�j� �a�r�e� �a�f�f�i�l�i�a�t�e�d� �w�i�t�h� �t�h�e� �N�A�S�A� �L�e�w�i�s� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�)�.� �T�h�e�i�r� �p�a�p�e�r�s� �m�a�y� �b�e� �r�e�f�e�r�e�n�c�e�d� 

�f�o�r� �a�d�d�i�t�i�o�n�a�l� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �u�l�t�r�a�s�o�n�i�c�s� �a�n�d� �A�U�.� 

�F�i�l�m� �X�-�R�a�y� �R�a�d�i�o�g�r�a�p�h�y� 

�R�a�d�i�o�g�r�a�p�h�y� �i�s� �a�n� �N�D�T� �m�e�t�h�o�d� �i�n� �w�h�i�c�h� �X�-�r�a�y�s� �o�r� �g�a�m�m�a� �r�a�y�s� �p�a�s�s� �t�h�r�o�u�g�h� �a� �t�e�s�t� �o�b�j�e�c�t� �a�n�d� 

�o�n�t�o� �a� �f�i�l�m�.� �A� �2�-�D� �p�h�o�t�o�g�r�a�p�h�i�c� �r�e�c�o�r�d� �o�f� �t�h�e� �3�-�D� �o�b�j�e�c�t�,� �k�n�o�w�n� �a�s� �a� �r�a�d�i�o�g�r�a�p�h�,� �1�s� �p�r�o�d�u�c�e�d�.� 
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�V�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �d�e�n�s�i�t�y� �o�r� �t�h�i�c�k�n�e�s�s� �o�f� �a�n� �o�b�j�e�c�t� �o�r� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �v�o�i�d�s� �a�n�d� �i�n�c�l�u�s�i�o�n�s� �a�p�p�e�a�r� �i�n� 

�t�h�e� �r�a�d�i�o�g�r�a�p�h� �a�s� �d�i�f�f�e�r�e�n�t� �g�r�a�y� �l�e�v�e�l�s�.� �T�h�u�s�,� �r�a�d�i�o�g�r�a�p�h�y� �c�a�n� �b�e� �u�s�e�d� �t�o� �p�r�o�d�u�c�e� �a� �m�a�p� �o�f� �a� �t�e�s�t� 

�o�b�j�e�c�t�'�s� �i�n�t�e�r�n�a�l� �s�t�r�u�c�t�u�r�e�.� 

�X�-�r�a�y� �r�a�d�i�o�g�r�a�p�h�y� �i�s� �a� �t�e�c�h�n�i�q�u�e� �f�o�r� �i�n�t�e�r�n�a�l�l�y� �e�x�a�m�i�n�i�n�g� �a�n� �o�b�j�e�c�t� �w�h�i�c�h� �i�s� �o�p�a�q�u�e� �t�o� �v�i�s�i�b�l�e� 

�l�i�g�h�t�.� �R�a�d�i�a�t�i�o�n� �i�n� �t�h�e� �f�o�r�m� �o�f� �X�-�r�a�y�s� �(�A� �=� �1�0�-�7� �-� �1�9�7�1�3� �u�m�)� �i�n�t�e�r�a�c�t�s� �w�i�t�h� �a� �m�a�t�e�r�i�a�l�;� �t�h�e� �X�-�r�a�y�s� 

�w�h�i�c�h� �a�r�e� �t�r�a�n�s�m�i�t�t�e�d� �a�n�d� �a�t�t�e�n�u�a�t�e�d� �b�y� �t�h�e� �m�a�t�e�r�i�a�l� �a�r�e� �r�e�c�o�r�d�e�d� �o�n� �f�i�l�m�.� �T�h�e� �f�i�l�m� �i�m�a�g�e� �i�s� �a� 

�t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�n�a�l� �a�n�d� �e�x�t�e�r�n�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �o�b�j�e�c�t�.� �R�e�g�i�o�n�s� 

�o�f� �a� �m�a�t�e�r�i�a�l� �w�h�i�c�h� �d�o� �n�o�t� �a�t�t�e�n�u�a�t�e� �o�r� �a�b�s�o�r�b� �X�-�r�a�y�s� �a�p�p�e�a�r� �a�s� �b�l�a�c�k� �o�r� �d�a�r�k� �g�r�a�y� �r�e�g�i�o�n�s� �o�n� �t�h�e� 

�f�i�l�m� �n�e�g�a�t�i�v�e� �(�w�h�i�t�e� �o�r� �l�i�g�h�t� �g�r�a�y� �i�n� �t�h�e� �d�e�v�e�l�o�p�e�d� �p�r�i�n�t�)�.� �C�o�n�v�e�r�s�e�l�y�,� �r�e�g�i�o�n�s� �w�h�i�c�h� �a�t�t�e�n�u�a�t�e� �X�-� 

�r�a�y�s� �a�p�p�e�a�r� �a�s� �w�h�i�t�e� �o�r� �l�i�g�h�t� �g�r�a�y� �r�e�g�i�o�n�s� �o�n� �t�h�e� �f�i�l�m� �n�e�g�a�t�i�v�e� �(�b�l�a�c�k� �o�r� �d�a�r�k� �g�r�a�y� �i�n� �t�h�e� �d�e�v�e�l�o�p�e�d� 

�p�r�i�n�t�)�.� �X�-�r�a�y� �a�b�s�o�r�p�t�i�o�n� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �m�a�t�e�r�i�a�l� �d�e�n�s�i�t�y�,� �m�a�t�e�r�i�a�l� �t�h�i�c�k�n�e�s�s�,� �a�n�d� �a�t�o�m�i�c� 

�n�u�m�b�e�r� �o�f� �a� �m�a�t�e�r�i�a�l�'�s� �e�l�e�m�e�n�t�a�l� �c�o�n�s�t�i�t�u�e�n�t�s�.� �F�i�l�m� �X�-�r�a�y� �r�a�d�i�o�g�r�a�p�h�y� �c�a�n� �i�d�e�n�t�i�f�y� �v�o�i�d�s�,� 

�i�n�c�l�u�s�i�o�n�s�,� �a�n�d� �o�t�h�e�r� �f�l�a�w�s�.� �H�o�w�e�v�e�r�,� �f�l�a�w�s� �s�u�c�h� �a�s� �s�m�a�l�l� �c�r�a�c�k�s� �w�h�i�c�h� �r�u�n� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� 

�p�l�a�n�e� �o�f� �t�h�e� �f�i�l�m� �w�i�l�l� �n�o�t� �a�p�p�e�a�r� �i�n� �t�h�e� �f�i�l�m� �i�m�a�g�e�.� 

�A�l�t�h�o�u�g�h� �n�o�t� �t�h�e� �s�o�l�e� �f�o�c�u�s� �o�f� �m�o�s�t� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�,� �X�-�r�a�y� �r�a�d�i�o�g�r�a�p�h�y� �i�s� 

�c�o�m�m�o�n�l�y� �u�s�e�d� �a�l�o�n�g� �w�i�t�h� �o�t�h�e�r� �N�D�E� �t�e�c�h�n�i�q�u�e�s� �t�o� �q�u�a�l�i�t�a�t�i�v�e�l�y� �v�e�r�i�f�y� �r�e�s�u�l�t�s�.� �A� �t�h�o�r�o�u�g�h� 

�d�i�s�c�u�s�s�i�o�n� �o�f� �X�-�r�a�y� �r�a�d�i�o�g�r�a�p�h�y� �m�a�y� �b�e� �f�o�u�n�d� �i�n� �N�o�n�d�e�s�t�r�u�c�t�i�v�e� �T�e�s�t�i�n�g� �H�a�n�d�b�o�o�k�,� �V�o�l�.� �3�:� 

�R�a�d�i�o�g�r�a�p�h�y� �a�n�d� �R�a�d�i�a�t�i�o�n� �T�e�s�t�i�n�g� �[�5�4�]� �p�u�b�l�i�s�h�e�d� �b�y� �t�h�e� �A�m�e�r�i�c�a�n� �S�o�c�i�e�t�y� �f�o�r� �N�o�n�d�e�s�t�r�u�c�t�i�v�e� 

�T�e�s�t�i�n�g�.� �S�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d� �X�-�r�a�y� �r�a�d�i�o�g�r�a�p�h�y�'�s� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �c�e�r�a�m�i�c�s� 

�a�n�d� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�o�m�p�o�s�i�t�e�s�.� �A�m�i�n� �e�f� �a�l� �[�5�5�]� �h�a�v�e� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �a�b�i�l�i�t�y� �o�f� �m�i�c�r�o�f�o�c�u�s� 

�r�a�d�i�o�g�r�a�p�h�y� �t�o� �d�e�t�e�c�t� �s�e�e�d�e�d� �d�e�f�e�c�t�s� �i�n� �H�I�P�'�e�d� �s�i�l�i�c�o�n� �n�i�t�r�i�d�e�.� �N�o�t�e�a� �e�t� �a�l� �[�5�6�]� �h�a�v�e� �a�t�t�e�m�p�t�e�d� �t�o� 

�c�o�r�r�e�l�a�t�e� �f�i�l�m� �d�e�n�s�i�t�y� �v�a�r�i�a�t�i�o�n�s� �i�n� �X�-�r�a�y� �r�a�d�i�o�g�r�a�p�h�s� �w�i�t�h� �m�e�a�s�u�r�e�d� �h�a�r�d�n�e�s�s� �v�a�r�i�a�t�i�o�n�s� �i�n� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2�5



�S�Y�A�L�O�N�.� �J�a�m�i�s�o�n� �h�a�s� �a�d�d�r�e�s�s�e�d� �s�o�m�e� �o�f� �t�h�e� �i�s�s�u�e�s� �i�n�v�o�l�v�e�d� �w�i�t�h� �u�s�i�n�g� �r�a�d�i�o�g�r�a�p�h�y� �t�o� �i�n�s�p�e�c�t� 

�c�o�m�p�o�s�i�t�e�s� �a�n�d� �h�a�s� �e�x�p�l�a�i�n�e�d� �t�h�e� �u�s�e� �o�f� �s�t�e�r�e�o� �X�-�r�a�y� �r�a�d�i�o�g�r�a�p�h�y� �[�5�7�]�.� 

�I�m�m�e�r�s�i�o�n� �S�c�a�n� �U�l�t�r�a�s�o�n�i�c�s� 

�U�l�t�r�a�s�o�n�i�c� �t�e�s�t�i�n�g� �o�f� �m�a�t�e�r�i�a�l�s� �i�s� �a� �p�o�p�u�l�a�r� �a�n�d� �e�x�p�a�n�d�i�n�g� �a�r�e�a� �i�n� �n�o�n�d�e�s�t�r�u�c�t�i�v�e� �t�e�s�t�i�n�g�.� 

�U�l�t�r�a�s�o�n�i�c� �w�a�v�e�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �s�p�a�t�i�a�l�l�y� �l�o�c�a�t�e� �a�n�d� �i�m�a�g�e� �e�x�t�e�r�n�a�l� �a�n�d� �i�n�t�e�r�n�a�l� �d�e�f�e�c�t�s� �a�n�d� 

�q�u�a�n�t�i�f�y� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �i�n� �a� �v�a�r�i�e�t�y� �o�f� �m�a�t�e�r�i�a�l�s� �[�5�8�]�.� �U�l�t�r�a�s�o�n�i�c� �w�a�v�e�s� �a�r�e� �h�i�g�h�-�f�r�e�q�u�e�n�c�y� 

�v�i�b�r�a�t�i�o�n�a�l� �w�a�v�e�s� �w�h�i�c�h� �p�r�o�p�a�g�a�t�e� �w�i�t�h�i�n� �a� �m�e�d�i�u�m�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e� �o�f� �u�l�t�r�a�s�o�n�i�c� 

�w�a�v�e�s� �u�s�e�d� �f�o�r� �N�D�T� �i�s� �2�0�0� �k�H�z�-�2�0� �M�H�z�.� 

�T�h�e�r�e� �a�r�e� �t�h�r�e�e� �m�a�i�n� �t�y�p�e�s� �o�f� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s� �[�5�8�]�:� �(�1�)� �l�o�n�g�i�t�u�d�i�n�a�l� �(�c�o�m�p�r�e�s�s�i�o�n� �o�r� �p�r�e�s�s�u�r�e�)� 

�w�a�v�e�s� �-� �w�a�v�e�s� �w�h�i�c�h� �p�r�o�p�a�g�a�t�e� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �p�a�r�t�i�c�l�e� �m�o�t�i�o�n�,� �(�2�)� �s�h�e�a�r� �(�s�h�e�a�r� �v�e�r�t�i�c�a�l� �o�r� 

�s�h�e�a�r� �h�o�r�i�z�o�n�t�a�l�)� �w�a�v�e�s� �-� �w�a�v�e�s� �w�h�i�c�h� �p�r�o�p�a�g�a�t�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �p�a�r�t�i�c�l�e� �m�o�t�i�o�n�,� 

�a�n�d� �(�3�)� �s�u�r�f�a�c�e� �(�R�a�y�l�e�i�g�h�)� �w�a�v�e�s� �-� �w�a�v�e�s� �w�h�i�c�h� �h�a�v�e� �a�n� �e�l�l�i�p�t�i�c�a�l� �p�a�r�t�i�c�l�e� �m�o�t�i�o�n� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� 

�t�h�e� �p�l�a�n�e� �o�f� �a�n� �i�n�t�e�r�a�c�t�i�n�g� �s�u�r�f�a�c�e�.� �A�m�o�n�g� �t�h�e�s�e� �t�h�r�e�e� �w�a�v�e� �m�o�d�e�s�,� �l�o�n�g�i�t�u�d�i�n�a�l� �w�a�v�e�s� �a�r�e� �t�h�e� 

�m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �f�o�r� �N�D�T� �b�e�c�a�u�s�e� �t�h�e�y� �c�a�n� �p�r�o�p�a�g�a�t�e� �i�n� �s�o�l�i�d�s� �a�s� �w�e�l�l� �a�s� �l�i�q�u�i�d�s� �a�n�d� �g�a�s�e�s�.� 

�T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �w�a�y�s� �i�n� �w�h�i�c�h� �t�o� �g�e�n�e�r�a�t�e� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s� �i�n� �a� �t�e�s�t� �m�a�t�e�r�i�a�l�.� �I�n� �t�h�i�s� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�,� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �i�n� �t�h�e� �N�i�c�a�l�o�n�/�S�i�C� �s�p�e�c�i�m�e�n�s� �b�y� �a� �p�i�e�z�o�e�l�e�c�t�r�i�c� 

�t�r�a�n�s�d�u�c�e�r�.� �T�h�e� �e�l�e�c�t�r�o�n�i�c�a�l�l�y� �p�u�l�s�e�d� �t�r�a�n�s�d�u�c�e�r� �a�p�p�l�i�e�d� �s�m�a�l�l�,� �r�a�p�i�d� �d�i�s�p�l�a�c�e�m�e�n�t�s� �t�o� �t�h�e� �s�u�r�f�a�c�e� 

�o�f� �t�h�e� �m�a�t�e�r�i�a�l� �v�i�a� �t�h�e� �w�a�t�e�r� �c�o�u�p�l�i�n�g�.� �T�h�e�s�e� �s�m�a�l�l� �d�i�s�p�l�a�c�e�m�e�n�t�s� �t�h�e�n� �p�r�o�p�a�g�a�t�e�d� �t�o� �s�u�c�c�e�s�s�i�v�e� 

�i�n�t�e�r�i�o�r� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �u�n�t�i�l� �t�h�e�y� �r�e�a�c�h�e�d� �a�n�o�t�h�e�r� �e�x�t�e�r�i�o�r� �s�u�r�f�a�c�e�.� �A�t� �t�h�e� �e�x�t�e�r�i�o�r� 

�s�u�r�f�a�c�e�,� �a�n�o�t�h�e�r� �p�i�e�z�o�e�l�e�c�t�r�i�c� �t�r�a�n�s�d�u�c�e�r� �c�o�n�v�e�r�t�e�d� �t�h�e� �r�e�c�e�i�v�e�d�,� �p�e�r�i�o�d�i�c� �d�i�s�p�l�a�c�e�m�e�n�t�s� �t�o� 

�e�l�e�c�t�r�o�n�i�c� �p�u�l�s�e�s� �w�h�i�c�h� �w�e�r�e� �t�h�e�n� �a�n�a�l�y�z�e�d�.� 
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�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �n�u�m�e�r�o�u�s� �w�a�y�s� �i�n� �w�h�i�c�h� �t�o� �g�e�n�e�r�a�t�e� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s�,� �t�h�e�r�e� �a�r�e� �a�l�s�o� �n�u�m�e�r�o�u�s� 

�p�u�l�s�e�r�-�r�e�c�e�i�v�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �w�h�i�c�h� �c�a�n� �b�e� �u�s�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �m�a�t�e�r�i�a�l�s� �a�n�d� 

�i�n�v�e�s�t�i�g�a�t�e� �c�o�m�p�l�e�x� �t�e�s�t�-�o�b�j�e�c�t� �g�e�o�m�e�t�r�i�e�s� �[�5�8�]�.� �T�h�e� �i�m�m�e�r�s�i�o�n� �t�h�r�o�u�g�h�-�t�r�a�n�s�m�i�s�s�i�o�n� �t�e�c�h�n�i�q�u�e� 

�w�a�s� �u�s�e�d� �i�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �b�e�c�a�u�s�e� �i�t� �i�s� �o�n�e� �o�f� �t�h�e� �p�r�e�f�e�r�r�e�d� �m�e�t�h�o�d�s� �f�o�r� �i�n�v�e�s�t�i�g�a�t�i�n�g� �h�i�g�h�l�y� 

�a�t�t�e�n�u�a�t�i�v�e� �m�a�t�e�r�i�a�l�s� �s�u�c�h� �a�s� �c�e�r�a�m�i�c� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �r�e�q�u�i�r�e�s� �t�h�a�t� �t�h�e� �t�e�s�t� 

�s�p�e�c�i�m�e�n� �b�e� �s�u�b�m�e�r�g�e�d� �i�n� �w�a�t�e�r�;� �t�h�e� �p�u�l�s�e�r� �i�s� �p�o�s�i�t�i�o�n�e�d� �o�n� �o�n�e� �s�i�d�e� �o�f� �t�h�e� �s�p�e�c�i�m�e�n� �w�h�i�l�e� �t�h�e� 

�r�e�c�e�i�v�e�r� �i�s� �p�l�a�c�e�d� �o�n� �t�h�e� �o�p�p�o�s�i�t�e� �s�i�d�e� �o�f� �t�h�e� �s�p�e�c�i�m�e�n� �i�n� �p�e�r�f�e�c�t� �a�l�i�g�n�m�e�n�t� �w�i�t�h� �t�h�e� �p�u�l�s�e�r�.� �U�s�i�n�g� 

�t�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �t�h�e� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�s� �m�u�s�t� �m�a�k�e� �o�n�l�y� �o�n�e� �t�r�i�p� �t�h�r�o�u�g�h� �t�h�e� �m�a�t�e�r�i�a�l�,� �a�s� �o�p�p�o�s�e�d� �t�o� 

�a� �r�o�u�n�d� �t�r�i�p� �f�o�r� �t�h�e� �i�m�m�e�r�s�i�o�n� �p�u�l�s�e�-�e�c�h�o� �t�e�c�h�n�i�q�u�e�.� 

�U�l�t�r�a�s�o�n�i�c� �t�e�s�t�i�n�g� �i�n�v�o�l�v�e�s� �m�o�n�i�t�o�r�i�n�g� �d�e�s�i�g�n�a�t�e�d� �p�e�a�k�-�a�m�p�l�i�t�u�d�e�s� �(�m�a�r�k�e�d� �b�y� �a�d�j�u�s�t�a�b�l�e� �t�i�m�e� 

�g�a�t�e�s�)� �o�f� �a�n� �i�n�d�u�c�e�d� �w�a�v�e�f�o�r�m�.� �T�h�e� �c�o�l�l�e�c�t�e�d� �d�a�t�a� �i�s� �t�h�e�n� �d�i�s�p�l�a�y�e�d� �i�n� �o�n�e� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�f�o�r�m�a�t�s�:� �(�1�)� �a� �l�i�n�e� �s�c�a�n� �i�n� �w�h�i�c�h� �s�i�g�n�a�l� �a�m�p�l�i�t�u�d�e� �a�n�d� �t�e�m�p�o�r�a�l� �p�o�s�i�t�i�o�n� �c�o�r�r�e�s�p�o�n�d� �t�o� �f�l�a�w� �s�i�z�e� 

�a�n�d� �l�o�c�a�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y� �(�A�-�s�c�a�n�)�,� �(�2�)� �a� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �i�m�a�g�e� �s�h�o�w�i�n�g� �t�h�e� �d�e�p�t�h� �a�n�d� �s�i�z�e� �o�f� �f�l�a�w�s� 

�(�B�-�s�c�a�n�)�,� �a�n�d� �(�3�)� �a� �p�l�a�n�a�r� �i�m�a�g�e� �s�h�o�w�i�n�g� �t�h�e� �X�-�Y� �l�o�c�a�t�i�o�n� �o�f� �f�l�a�w�s� �(�C�-�s�c�a�n�)�.� �M�o�r�e� �c�o�m�p�l�e�x� 

�a�n�a�l�y�s�i�s� �p�r�o�c�e�d�u�r�e�s� �m�a�y� �b�e� �u�s�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �a� �m�a�t�e�r�i�a�l� �b�y� �c�o�r�r�e�l�a�t�i�n�g� �a� �w�a�v�e�f�o�r�m� �p�a�r�a�m�e�t�e�r� 

�(�f�r�o�m� �t�h�e� �g�a�t�e�d� �r�e�g�i�o�n� �o�f� �t�h�e� �w�a�v�e�f�o�r�m�)�,� �s�u�c�h� �a�s� �a�m�p�l�i�t�u�d�e� �o�r� �a�r�r�i�v�a�l�-�t�i�m�e�,� �w�i�t�h� �a� �m�a�t�e�r�i�a�l� 

�p�r�o�p�e�r�t�y�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�o�s�t� �c�o�m�p�l�e�x� �a�n�a�l�y�s�i�s� �p�r�o�c�e�d�u�r�e�s� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �q�u�a�n�t�i�t�a�t�i�v�e� 

�u�l�t�r�a�s�o�n�i�c� �m�e�a�s�u�r�e�m�e�n�t�s�.� 

�U�l�t�r�a�s�o�n�i�c� �p�r�o�c�e�s�s�i�n�g� �s�y�s�t�e�m�s� �b�a�s�e�d� �o�n� �t�h�e� �p�r�i�n�c�i�p�l�e�s� �o�f� �n�e�u�r�a�l� �n�e�t�w�o�r�k�s� �a�r�e� �b�e�i�n�g� �t�a�u�g�h�t� �t�o� 

�p�r�e�d�i�c�t� �w�a�v�e�f�i�e�l�d� �q�u�a�n�t�i�t�i�e�s� �a�n�d� �s�o�u�r�c�e� �f�e�a�t�u�r�e�s� �u�s�i�n�g� �a�u�t�o�-�a�s�s�o�c�i�a�t�i�v�e� �a�l�g�o�r�i�t�h�m�s� �[�5�9�]�.� �V�e�r�y� 

�c�o�m�p�l�e�x� �a�n�a�l�y�t�i�c�a�l� �m�e�t�h�o�d�s�,� �s�u�c�h� �a�s� �t�h�e� �s�e�m�i�-�i�n�v�e�r�s�e� �m�e�t�h�o�d�s�,� �r�e�l�y� �o�n� �u�s�i�n�g� �t�h�e� �s�o�l�u�t�i�o�n�s� �f�o�r� 

�e�l�a�s�t�o�d�y�n�a�m�i�c� �p�r�o�b�l�e�m�s� �t�o� �c�o�r�r�e�l�a�t�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �w�i�t�h� �u�l�t�r�a�s�o�n�i�c� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �i�n�v�e�r�s�e� 
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�p�r�o�b�l�e�m� �i�s� �a�n�o�t�h�e�r� �c�o�m�p�l�e�x� �a�n�a�l�y�t�i�c�a�l� �a�p�p�r�o�a�c�h� �w�h�i�c�h� �i�n�v�o�l�v�e�s� �r�e�c�o�v�e�r�i�n�g� �m�a�t�e�r�i�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�f�r�o�m� �u�l�t�r�a�s�o�n�i�c� �w�a�v�e�f�o�r�m� �d�a�t�a� �b�y� �d�e�c�o�n�v�o�l�v�i�n�g� �t�h�e� �d�a�t�a�.� 

�D�e�s�p�i�t�e� �t�h�e� �p�r�o�b�l�e�m�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�m�m�e�r�s�i�o�n� �s�c�a�n� �u�l�t�r�a�s�o�n�i�c�s�,� �s�e�v�e�r�a�l� �i�n�v�e�s�t�i�g�a�t�o�r�s� �h�a�v�e� �c�h�o�s�e�n� 

�t�o� �u�s�e� �t�h�e� �t�e�c�h�n�i�q�u�e� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �c�e�r�a�m�i�c� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s�.� �W�a�l�t�e�r� �e�t� �a�l� �[�6�0�]� �h�a�v�e� �u�s�e�d� �t�w�o� 

�i�m�m�e�r�s�i�o�n� �t�h�r�o�u�g�h�-�t�r�a�n�s�m�i�s�s�i�o�n� �m�e�t�h�o�d�s� �t�o� �s�t�u�d�y� �p�o�r�o�s�i�t�y� �l�e�v�e�l�s� �i�n� �a� �C�V�I� �S�i�C�/�S�i�C� �c�o�m�p�o�s�i�t�e�.� 

�O�n�e� �m�e�t�h�o�d� �i�n�v�o�l�v�e�d� �l�a�s�e�r�-�g�e�n�e�r�a�t�e�d� �u�l�t�r�a�s�o�u�n�d�;� �t�h�e� �o�t�h�e�r� �m�e�t�h�o�d� �u�s�e�d� �a� �s�i�g�n�a�l� �a�v�e�r�a�g�i�n�g� 

�t�e�c�h�n�i�q�u�e� �k�n�o�w�n� �a�s� �t�i�m�e� �d�e�l�a�y� �s�p�e�c�t�r�o�m�e�t�r�y�.� �B�o�t�h� �t�e�c�h�n�i�q�u�e�s� �w�e�r�e� �c�h�o�s�e�n� �f�o�r� �t�h�e�i�r� �p�o�t�e�n�t�i�a�l� �t�o� 

�i�m�p�r�o�v�e� �u�l�t�r�a�s�o�n�i�c� �s�e�n�s�i�t�i�v�i�t�y�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �u�l�t�r�a�s�o�n�i�c� �m�a�p�s� �(�C�-�s�c�a�n�s�)� �r�e�v�e�a�l�e�d� �l�a�r�g�e� �v�a�r�i�a�t�i�o�n�s� �i�n� 

�p�o�r�o�s�i�t�y� �w�i�t�h�i�n� �t�h�e� �c�o�m�p�o�s�i�t�e�.� �C�o�r�r�e�l�a�t�i�n�g� �t�h�e�s�e� �r�e�s�u�l�t�s� �w�i�t�h� �X�-�r�a�y� �r�a�d�i�o�g�r�a�p�h�s�,� �W�a�l�t�e�r� �e�t� �a�l� 

�f�o�u�n�d� �t�h�a�t� �r�e�g�i�o�n�s� �o�f� �l�o�w� �p�o�r�o�s�i�t�y� �(�h�i�g�h� �d�e�n�s�i�t�y�)� �t�r�a�n�s�m�i�t�t�e�d� �m�o�r�e� �e�n�e�r�g�y� �a�n�d� �h�a�d� �h�i�g�h�e�r� �v�e�l�o�c�i�t�i�e�s� 

�t�h�a�n� �r�e�g�i�o�n�s� �o�f� �h�i�g�h� �p�o�r�o�s�i�t�y� �(�l�o�w� �d�e�n�s�i�t�y�)�.� �A�t�t�e�n�u�a�t�i�o�n� �s�p�e�c�t�r�a� �a�l�s�o� �s�h�o�w�e�d� �t�h�a�t� �u�l�t�r�a�s�o�n�i�c� 

�a�t�t�e�n�u�a�t�i�o�n� �i�n�c�r�e�a�s�e�d� �a�s� �m�a�t�e�r�i�a�l� �p�o�r�o�s�i�t�y� �i�n�c�r�e�a�s�e�d� �a�n�d� �a�s� �t�h�e� �t�e�s�t� �f�r�e�q�u�e�n�c�y� �w�a�s� �i�n�c�r�e�a�s�e�d�.� 

�M�a�h�m�o�u�d� �[�6�1�]� �h�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �a�p�p�l�i�c�a�b�i�l�i�t�y� �o�f� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �u�l�t�r�a�s�o�n�i�c�s� �(�2�5�,� �5�0�,� �a�n�d� �1�0�0� 

�M�H�z�)� �t�o� �f�l�a�w� �d�e�t�e�c�t�i�o�n� �i�n� �i�s�o�p�r�e�s�s�e�d� �S�i�C�,� �i�n�j�e�c�t�i�o�n� �m�o�l�d�e�d� �S�i�C�,� �a�n�d� �S�i�z�N�q�.� �H�e� �u�s�e�d� �t�h�e� 

�i�m�m�e�r�s�i�o�n� �p�u�l�s�e�-�e�c�h�o� �t�e�c�h�n�i�q�u�e� �w�i�t�h� �t�r�a�n�s�d�u�c�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �f�o�r� �d�i�r�e�c�t� �i�n�c�i�d�e�n�c�e� �a�n�d� �l�e�a�k�y� 

�R�a�y�l�e�i�g�h� �w�a�v�e�s�.� �M�a�h�m�o�u�d� �f�o�u�n�d� �t�h�a�t� �s�h�a�r�p�e�r� �s�u�r�f�a�c�e� �i�m�a�g�e�s� �c�o�u�l�d� �b�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �h�i�g�h�e�r� 

�t�e�s�t�i�n�g� �f�r�e�q�u�e�n�c�i�e�s�.� �H�e� �a�l�s�o� �f�o�u�n�d� �t�h�a�t� �b�e�t�t�e�r� �r�e�s�o�l�u�t�i�o�n� �c�o�u�l�d� �b�e� �o�b�t�a�i�n�e�d� �f�o�r� �a� �g�i�v�e�n� �f�r�e�q�u�e�n�c�y� �b�y� 

�u�s�i�n�g� �a� �t�r�a�n�s�d�u�c�e�r� �w�i�t�h� �a� �s�h�o�r�t�e�r� �f�o�c�a�l� �l�e�n�g�t�h�.� �M�a�h�m�o�u�d� �a�l�s�o� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �l�e�a�k�y� �s�u�r�f�a�c�e� 

�w�a�v�e� �m�e�t�h�o�d� �w�a�s� �s�u�p�e�r�i�o�r� �t�o� �t�h�e� �d�i�r�e�c�t� �i�n�c�i�d�e�n�c�e� �m�e�t�h�o�d� �f�o�r� �i�m�a�g�i�n�g� �i�n�t�e�r�n�a�l� �d�e�f�e�c�t�s� �a�n�d� �t�h�a�t� 

�i�n�t�e�r�n�a�l� �i�m�a�g�i�n�g� �c�o�u�l�d� �b�e� �e�n�h�a�n�c�e�d� �b�y� �p�o�l�i�s�h�i�n�g� �t�h�e� �s�u�r�f�a�c�e�.� 
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�2�-�3�.� �A�d�d�i�t�i�o�n�a�l� �T�e�c�h�n�i�q�u�e�s� �f�o�r� �C�h�a�r�a�c�t�e�r�i�z�i�n�g� �C�M�C�'�s� 

�O�p�t�i�c�a�l� �a�n�d� �S�c�a�n�n�i�n�g� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�y� 

�O�p�t�i�c�a�l� �a�n�d� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �a�r�e� �u�s�u�a�l�l�y� �n�o�t� �t�h�e� �f�o�c�u�s� �o�f� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �m�e�t�h�o�d�s� �o�f�t�e�n� �p�r�o�v�i�d�e� �d�e�f�i�n�i�t�i�v�e� �r�e�s�u�l�t�s� �w�h�i�c�h� �m�a�k�e� �i�t� �e�a�s�i�e�r� �t�o� 

�i�n�t�e�r�p�r�e�t� �t�h�e� �l�e�s�s� �"�u�s�e�r�-�f�r�i�e�n�d�l�y�"� �r�e�s�u�l�t�s� �g�e�n�e�r�a�t�e�d� �b�y� �N�D�E� �t�e�c�h�n�i�q�u�e�s�.� �I�n�f�o�r�m�a�t�i�o�n� �o�n� �o�p�t�i�c�a�l� 

�t�e�c�h�n�i�q�u�e�s� �m�a�y� �b�e� �f�o�u�n�d� �i�n� �t�h�e� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �S�E�M� �F�a�l�l� �C�o�n�f�e�r�e�n�c�e� �o�n� �E�x�p�e�r�i�m�e�n�t�a�l� 

�M�e�c�h�a�n�i�c�s�,� �1�9�8�6� �e�n�t�i�t�l�e�d� �O�p�t�i�c�a�l� �M�e�t�h�o�d�s� �i�n� �C�o�m�p�o�s�i�t�e�s� �[�6�2�]�.� �I�n� �a�d�d�i�t�i�o�n�,� �B�e�n�d�e�r� �e�t� �a�l� �[�6�3�]� �a�n�d� 

�M�a�n�i�e�t�t�e� �e�t� �a�l� �[�6�4�]� �h�a�v�e� �w�r�i�t�t�e�n� �r�e�p�o�r�t�s� �t�h�a�t� �a�d�d�r�e�s�s� �t�h�e� �u�s�e� �o�f� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �f�o�r� 

�c�h�a�r�a�c�t�e�r�i�z�i�n�g� �c�e�r�a�m�i�c� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s� �a�n�d� �c�e�r�a�m�i�c� �r�e�i�n�f�o�r�c�e�m�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�E�l�e�c�t�r�o�n� �M�i�c�r�o�p�r�o�b�e� �A�n�a�l�y�s�i�s� 

�A�n� �e�l�e�c�t�r�o�n� �m�i�c�r�o�p�r�o�b�e� �a�n�a�l�y�z�e�r� �(�E�M�A� �o�r� �E�P�M�A� �f�o�r� �e�l�e�c�t�r�o�n� �p�r�o�b�e� �m�i�c�r�o�a�n�a�l�y�z�e�r�)� �c�o�m�b�i�n�e�s� 

�e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �w�i�t�h� �X�-�r�a�y� �m�i�c�r�o�a�n�a�l�y�s�i�s�,� �m�a�k�i�n�g� �i�t� �p�o�s�s�i�b�l�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �q�u�a�l�i�t�a�t�i�v�e� �a�n�d� 

�q�u�a�n�t�i�t�i�v�e� �e�l�e�m�e�n�t�a�l� �c�o�n�s�t�i�t�u�e�n�t�s� �o�f� �a�n� �u�n�k�n�o�w�n� �m�a�t�e�r�i�a�l�.� �E�M�A�'�s� �a�r�e� �r�o�u�t�i�n�e�l�y� �u�s�e�d� �b�y� �t�h�e� 

�m�e�d�i�c�a�l� �p�r�o�f�e�s�s�i�o�n� �t�o� �p�e�r�f�o�r�m� �h�i�s�t�o�l�o�g�i�c�a�l� �e�x�a�m�i�n�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �t�h�e�y� �a�r�e� �e�q�u�a�l�l�y� �e�f�f�e�c�t�i�v�e� �i�n� 

�a�n�a�l�y�z�i�n�g� �n�o�n�-�b�i�o�l�o�g�i�c�a�l� �m�a�t�e�r�i�a�l�s� �s�u�c�h� �a�s� �m�i�n�e�r�a�l�s� �a�n�d� �m�a�n�-�m�a�d�e� �m�a�t�e�r�i�a�l�s�.� 

�A�n� �E�M�A� �u�s�e�s� �a� �h�e�a�t�e�d� �t�u�n�g�s�t�e�n� �f�i�l�a�m�e�n�t� �(�o�r� �s�i�m�i�l�a�r� �e�l�e�c�t�r�o�n� �s�o�u�r�c�e�)� �t�o� �p�r�o�d�u�c�e� �a�n� �e�l�e�c�t�r�o�n� �b�e�a�m�,� 

�o�r� �p�r�o�b�e� �[�6�5�]�.� �T�h�e� �p�r�o�b�e� �s�i�z�e� �g�e�n�e�r�a�l�l�y� �r�a�n�g�e�s� �f�r�o�m� �0�.�1�-�1�.�0� �p�u�m�,� �a�n�d� �i�t�s� �e�n�e�r�g�y� �r�a�n�g�e�s� �f�r�o�m� �5�-�3�0� 

�k�e�V�.� �T�h�e� �e�l�e�c�t�r�o�n� �b�e�a�m� �i�s� �f�o�c�u�s�e�d� �o�n� �a� �s�m�a�l�l� �a�r�e�a� �o�f� �a� �s�p�e�c�i�m�e�n�.� �A�s� �t�h�e� �b�e�a�m� �s�t�r�i�k�e�s� �t�h�e� �a�t�o�m�s� 

�o�f� �t�h�e� �s�p�e�c�i�m�e�n�,� �i�n�n�e�r�-�s�h�e�l�l� �e�l�e�c�t�r�o�n�s� �a�r�e� �e�j�e�c�t�e�d� �f�r�o�m� �t�h�e� �a�t�o�m�s�.� �C�h�a�r�a�c�t�e�r�i�s�t�i�c� �X�-�r�a�y�s� �a�r�e� �t�h�e�n� 

�e�m�i�t�t�e�d� �a�s� �o�u�t�e�r�-�s�h�e�l�l� �e�l�e�c�t�r�o�n�s� �f�i�l�l� �t�h�e� �v�a�c�a�n�c�i�e�s� �l�e�f�t� �b�e�h�i�n�d� �b�y� �e�j�e�c�t�e�d� �e�l�e�c�t�r�o�n�s�.� �T�h�o�s�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c� �X�-�r�a�y�s� �w�i�t�h� �t�h�e� �g�r�e�a�t�e�s�t� �i�n�t�e�n�s�i�t�y� �a�r�e� �u�s�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �a�t�o�m�s�.� �A�n� �a�n�a�l�y�z�i�n�g� 
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�c�r�y�s�t�a�l� �(�c�h�o�s�e�n� �f�o�r� �i�t�s� �l�a�t�t�i�c�e� �s�p�a�c�i�n�g�,� �d�)� �i�s� �u�s�e�d� �t�o� �r�e�f�l�e�c�t� �a� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �e�m�i�t�t�e�d� �X�-�r�a�y�s� �t�o� �a� 

�w�a�v�e�l�e�n�g�t�h�-�d�i�s�p�e�r�s�i�v�e� �s�p�e�c�t�r�o�m�e�t�e�r�;� �t�h�e� �a�n�a�l�y�z�i�n�g� �c�r�y�s�t�a�l� �i�s� �r�o�t�a�t�e�d� �t�h�r�o�u�g�h� �a�n� �a�n�g�u�l�a�r� �r�a�n�g�e�.� 

�O�n�l�y� �t�h�o�s�e� �X�-�r�a�y�s� �w�h�i�c�h� �s�a�t�i�s�f�y� �B�r�a�g�g�'�s� �l�a�w� �r�e�a�c�h� �t�h�e� �d�e�t�e�c�t�o�r� �t�o� �b�e� �a�n�a�l�y�z�e�d�.� �B�r�a�g�g�'�s� �l�a�w� �m�a�y� 

�b�e� �e�x�p�r�e�s�s�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�n�a� �=� �2�d� �s�i�n� 

�w�h�e�r�e� �n� �i�s� �a�n� �i�n�t�e�g�e�r�,� �4� �i�s� �t�h�e� �w�a�v�e�l�e�n�g�t�h� �o�f� �t�h�e� �d�i�f�f�r�a�c�t�e�d� �X�-�r�a�y�s�,� �d� �i�s� �t�h�e� �c�r�y�s�t�a�l� �l�a�t�t�i�c�e� �s�p�a�c�i�n�g�,� 

�a�n�d� �6� �i�s� �t�h�e� �a�n�g�l�e� �a�t� �w�h�i�c�h� �t�h�e� �X�-�r�a�y�s� �s�t�r�i�k�e� �t�h�e� �c�r�y�s�t�a�l�.� 

�T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �a�n� �e�l�e�c�t�r�o�n� �m�i�c�r�o�p�r�o�b�e� �a�n�a�l�y�s�i�s� �a�r�e� �o�f�t�e�n� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �f�o�r�m� �o�f� �a� �s�p�e�c�t�r�a�.� �T�h�e� 

�s�p�e�c�t�r�a�l� �l�i�n�e�s� �c�o�m�p�r�i�s�i�n�g� �t�h�i�s� �s�p�e�c�t�r�a� �r�e�p�r�e�s�e�n�t� �d�i�f�f�e�r�e�n�t� �w�a�v�e�l�e�n�g�t�h�s�.� �T�h�e� �t�h�r�e�e� �m�a�i�n� �s�p�e�c�t�r�a�l� 

�l�i�n�e�s� �i�n� �o�r�d�e�r� �o�f� �d�e�c�r�e�a�s�i�n�g� �X�-�r�a�y� �i�n�t�e�n�s�i�t�y� �a�r�e�:� �K� �l�i�n�e�s� �(�E�}�-�E�;�,� �t�r�a�n�s�i�t�i�o�n�)�,� �L� �l�i�n�e�s� �(�E�y�,�-�E�|� 

�t�r�a�n�s�i�t�i�o�n�)�,� �a�n�d� �M� �l�i�n�e�s� �(�E�,�-�E�,�,� �t�r�a�n�s�i�t�i�o�n�)� �[�6�6�]�.� �T�h�e�s�e� �l�i�n�e�s� �a�r�e� �f�u�r�t�h�e�r� �c�l�a�s�s�i�f�i�e�d� �a�c�c�o�r�d�i�n�g� �t�o� 

�e�l�e�c�t�r�o�n� �j�u�m�p�s� �w�i�t�h�i�n� �s�h�e�l�l�s�;� �¢�.�g�.�,� �K�g� �1�,� �K�g�2�,� �K�g�2�,� �K�g�,� �e�t�c�.� �T�h�e� �e�l�e�m�e�n�t�a�l� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� 

�s�p�e�c�i�m�e�n� �m�a�y� �b�e� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �w�a�v�e�l�e�n�g�t�h�s� �a�p�p�e�a�r�i�n�g� �i�n� �t�h�e� �s�p�e�c�t�r�a� �a�n�d� �M�o�s�e�l�e�y�'�s� �L�a�w�,� 

�e�x�p�r�e�s�s�e�d� �a�s� �f�o�l�l�o�w�s� �[�6�5�]�:� 

�V�W�r�A�=�k�(�Z�-�0�)�!�/�2� 

�w�h�e�r�e� �A� �i�s� �t�h�e� �X�-�r�a�y� �w�a�v�e�l�e�n�g�t�h�,� �k� �i�s� �a� �s�p�e�c�t�r�a�l�-�l�i�n�e� �s�e�r�i�e�s� �c�o�n�s�t�a�n�t�,� �Z� �i�s� �t�h�e� �a�t�o�m�i�c� �n�u�m�b�e�r� �o�f� �t�h�e� 

�e�l�e�m�e�n�t� �f�r�o�m� �w�h�i�c�h� �t�h�e� �X�-�r�a�y� �o�r�i�g�i�n�a�t�e�s�,� �a�n�d� �o� �i�s� �a� �c�o�n�s�t�a�n�t� �r�e�l�a�t�e�d� �t�o� �a�t�o�m�i�c� �s�c�r�e�e�n�i�n�g� �e�f�f�e�c�t�s�.� 

�T�h�r�e�e� �c�o�r�r�e�c�t�i�o�n� �f�a�c�t�o�r�s� �a�l�s�o� �m�u�s�t� �b�e� �u�s�e�d� �i�n� �t�h�e� �m�i�c�r�o�a�n�a�l�y�s�i�s� �o�f� �b�u�l�k� �s�p�e�c�i�m�e�n�s� �t�o� �a�c�c�o�u�n�t� �f�o�r� 

�t�h�e� �e�f�f�e�c�t�s� �o�f� �X�-�r�a�y� �f�l�u�o�r�e�s�c�e�n�c�e� �(�F�)�,� �X�-�r�a�y� �a�b�s�o�r�p�t�i�o�n� �(�A�)�,� �a�n�d� �a�t�o�m�i�c� �n�u�m�b�e�r� �(�Z�)� �-� �t�h�e� 
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�c�o�r�r�e�c�t�i�o�n� �p�r�o�c�e�d�u�r�e� �i�s� �k�n�o�w�n� �a�s� �F�A�Z� �o�r� �Z�A�F� �[�6�6�]�.� �I�f� �n�o�t� �c�o�r�r�e�c�t�e�d�,� �t�h�e�s�e� �e�f�f�e�c�t�s� �w�i�l�l� �a�r�t�i�f�i�c�i�a�l�l�y� 

�i�n�c�r�e�a�s�e� �o�r� �d�e�c�r�e�a�s�e� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �e�l�e�m�e�n�t�s� �w�i�t�h�i�n� �a� �s�a�m�p�l�e�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �r�e�f�e�r�e�n�c�e�s� �c�i�t�e�d� �a�b�o�v�e�,� �t�h�e�r�e� �a�r�e� �t�w�o� �r�e�c�e�n�t�l�y� �p�u�b�l�i�s�h�e�d� �t�e�x�t�s� �w�h�i�c�h� �e�x�p�l�a�i�n� �t�h�e� 

�l�a�t�e�s�t� �d�e�v�e�l�o�p�m�e�n�t�s� �i�n� �X�-�m�i�c�r�o�a�n�a�l�y�s�i�s�,� �s�p�e�c�i�m�e�n� �p�r�e�p�a�r�a�t�i�o�n�,� �a�n�d� �d�a�t�a� �a�n�a�l�y�s�i�s�.� �T�h�e�s�e� �t�e�x�t�s� �a�r�e�:� 

�S�c�a�n�n�i�n�g� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�y� �a�n�d� �X�-�R�a�y� �M�i�c�r�o�a�n�a�l�y�s�i�s�:� �A� �T�e�x�t� �f�o�r� �B�i�o�l�o�g�i�s�t�s�,� �M�a�t�e�r�i�a�l�s� 

�S�c�i�e�n�t�i�s�t�s�,� �a�n�d� �G�e�o�l�o�g�i�s�t�s� �w�r�i�t�t�e�n� �b�y� �G�o�l�d�s�t�e�i�n� �e�t� �a�l� �(�1�9�9�2�)� �[�6�7�]�,� �a�n�d� �E�l�e�c�t�r�o�n� �B�e�a�m� �X�-�R�a�y� 

�M�i�c�r�o�a�n�a�l�y�s�i�s� �b�y� �H�e�i�n�r�i�c�h� �(�1�9�8�1�)� �[�6�8�]�.� 

�T�h�e� �e�l�e�c�t�r�o�n� �m�i�c�r�o�p�r�o�b�e� �h�a�s� �n�o�t� �b�e�e�n� �e�x�t�e�n�s�i�v�e�l�y� �u�s�e�d� �i�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �c�e�r�a�m�i�c� �m�a�t�r�i�x� 

�c�o�m�p�o�s�i�t�e�s�.� �H�o�w�e�v�e�r�,� �a�t� �l�e�a�s�t� �t�w�o� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �o�f� �c�e�r�a�m�i�c� �c�o�m�p�o�s�i�t�e�s� �w�h�i�c�h� �h�a�v�e� �i�n�v�o�l�v�e�d� 

�E�M�A� �h�a�v�e� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d�.� �F�r�e�t�y� �a�n�d� �B�o�u�s�s�u�g�e� �u�s�e�d� �X�-�r�a�y� �s�c�a�n�n�i�n�g� �p�i�c�t�u�r�e�s� �(�e�l�e�m�e�n�t�a�l� �m�a�p�s�)� 

�f�r�o�m� �a�n� �e�l�e�c�t�r�o�n� �m�i�c�r�o�p�r�o�b�e� �a�n�a�l�y�s�i�s� �t�o� �p�r�o�v�e� �t�h�a�t� �t�h�e�r�m�a�l� �a�g�e�i�n�g� �i�n�c�r�e�a�s�e�s� �t�h�e� �o�x�y�g�e�n� �c�o�n�t�e�n�t� �o�f� 

�N�i�c�a�l�o�n� �f�i�b�e�r�s� �[�6�9�]�.� �E�M�A� �a�l�s�o� �h�a�s� �b�e�e�n� �u�s�e�d� �b�y� �L�e�e� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �o�x�i�d�a�t�i�o�n� �g�r�a�d�i�e�n�t�s� �w�i�t�h�i�n� 

�h�e�a�t�-�t�r�e�a�t�e�d� �N�i�c�a�l�o�n� �r�e�i�n�f�o�r�c�e�d� �C�A�S�-�I�I� �[�7�0�]�.� 

�A�c�o�u�s�t�i�c� �E�m�i�s�s�i�o�n� �M�o�n�i�t�o�r�i�n�g� 

�A�c�o�u�s�t�i�c� �e�m�i�s�s�i�o�n� �m�o�n�i�t�o�r�i�n�g� �w�a�s� �n�o�t� �e�m�p�h�a�s�i�z�e�d� �i�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�;� �h�o�w�e�v�e�r�,� �s�e�v�e�r�a�l�  ��s�o�u�r�c�e�s� 

�a�r�e� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� �l�i�s�t�i�n�g� �o�f� �r�e�f�e�r�e�n�c�e�s�.� �A�m�o�n�g� �t�h�e�s�e� �s�o�u�r�c�e�s�,� �C�h�a�p�t�e�r� �1�2� �i�n� �N�o�n�d�e�s�t�r�u�c�t�i�v�e� 

�T�e�s�t�i�n�g� �T�e�c�h�n�i�q�u�e�s� �[�7�1�]� �e�n�t�i�t�l�e�d� �"�A�c�o�u�s�t�i�c� �E�m�i�s�s�i�o�n� �T�e�c�h�n�o�l�o�g�y�"� �p�r�o�v�i�d�e�s� �d�e�t�a�i�l�e�d� �i�n�f�o�r�m�a�t�i�o�n� �o�n� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �A�E� �t�o�p�i�c�s�:� �b�a�s�i�c� �c�o�n�c�e�p�t�s�,� �t�e�c�h�n�i�q�u�e�s� �a�n�d� �p�r�a�c�t�i�c�e�s�,� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �s�y�s�t�e�m�s�,� �a�n�d� 

�a�p�p�l�i�c�a�t�i�o�n�s�.� �A�r�r�i�n�g�t�o�n� �[�7�2�]� �h�a�s� �w�r�i�t�t�e�n� �a�n� �o�v�e�r�v�i�e�w� �o�f� �t�h�e� �c�h�a�n�g�e�s� �o�c�c�u�r�r�i�n�g� �i�n� �A�E� �t�e�c�h�n�o�l�o�g�y�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �m�a�t�e�r�i�a�l�s� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n�,� �e�q�u�i�p�m�e�n�t� �a�n�d� �t�e�c�h�n�i�q�u�e�s�,� �a�n�d� �a�p�p�l�i�c�a�t�i�o�n�s�.� �A� �f�e�w� 

�p�a�p�e�r�s� �f�o�c�u�s�i�n�g� �o�n� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �A�E� �t�o� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �a�r�e� �a�l�s�o� �i�n�c�l�u�d�e�d�.� �R�.� �P�y�r�z� �[�7�3�]� 
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�a�n�d� �J�.� �B�l�o�c�k� �[�7�4�]� �h�a�v�e� �a�d�d�r�e�s�s�e�d� �t�h�e� �u�s�e� �o�f� �A�E� �i�n�e�l�a�s�t�i�c�-�m�o�d�e�l�i�n�g� �o�f� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �a�n�d� �A�E� 

�r�e�a�l�-�t�i�m�e� �i�n�s�p�e�c�t�i�o�n� �o�f� �c�o�m�p�o�s�i�t�e� �s�t�r�u�c�t�u�r�e�s� �u�n�d�e�r� �t�h�e�r�m�a�l� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �l�o�a�d�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�i�n�a�l�l�y�,� �J�.� �G�.� �B�a�k�u�c�k�a�s�,� �J�r�.� �e�t� �a�l� �[�7�5�]� �h�a�v�e� �u�s�e�d� �A�E� �t�o� �s�t�u�d�y� �d�a�m�a�g�e� �g�r�o�w�t�h� �i�n� �t�i�t�a�n�i�u�m� �m�a�t�r�i�x� 

�c�o�m�p�o�s�i�t�e�s� 

�2�-�4�.� �H�i�g�h�-�T�e�m�p�e�r�a�t�u�r�e�,� �D�e�s�t�r�u�c�t�i�v�e� �T�e�s�t�i�n�g� �o�f� �C�M�C�'�s� 

�L�i�k�e� �N�D�T� �t�e�c�h�n�i�q�u�e�s�,� �d�e�s�t�r�u�c�t�i�v�e� �t�e�s�t�i�n�g� �m�e�t�h�o�d�s� �a�r�e� �a�l�s�o� �u�n�d�e�r�g�o�i�n�g� �a� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �a�d�v�a�n�c�e�d� �m�a�t�e�r�i�a�l�s�.� �A�d�v�a�n�c�e�d� �m�a�t�e�r�i�a�l�s�,� �s�u�c�h� �a�s� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�e�r�a�m�i�c� �m�a�t�r�i�x� 

�c�o�m�p�o�s�i�t�e�s�,� �a�r�e� �s�t�r�u�c�t�u�r�e�s� �r�a�t�h�e�r� �t�h�a�n� �m�a�t�e�r�i�a�l�s�.� �A�c�c�o�r�d�i�n�g�l�y�,� �t�h�e� �m�e�t�h�o�d�s� �f�o�r� �t�e�s�t�i�n�g� �t�h�e�s�e� 

�a�d�v�a�n�c�e�d� �m�a�t�e�r�i�a�l�s� �s�h�o�u�l�d� �r�e�f�l�e�c�t� �t�h�i�s� �f�a�c�t� �[�7�6�]�.� �S�e�v�e�r�a�l� �p�a�p�e�r�s� �h�a�v�e� �a�s�s�e�s�s�e�d� �t�h�e� �l�a�t�e�s�t� �e�q�u�i�p�m�e�n�t� 

�a�n�d� �p�r�o�c�e�d�u�r�e�s� �u�s�e�d� �t�o� �d�e�s�t�r�u�c�t�i�v�e�l�y� �t�e�s�t� �c�e�r�a�m�i�c� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s� �i�n� �a�m�b�i�e�n�t� �c�o�n�d�i�t�i�o�n�s� �a�n�d� 

�h�a�r�s�h� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �e�n�v�i�r�o�n�m�e�n�t�s�.� 

�M�e�c�h�o�l�s�k�y� �[�7�6�]� �h�a�s� �d�e�s�c�r�i�b�e�d� �s�p�e�c�i�m�e�n� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�,� �t�e�s�t� �f�i�x�t�u�r�e�s�,� �a�n�d� �t�e�s�t�i�n�g� �m�e�t�h�o�d�s� �u�s�e�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �C�M�C�'�s�:� �(�1�)� �s�t�r�e�n�g�t�h� �-� �t�e�n�s�i�l�e�,� �f�l�e�x�u�r�a�l�,� 

�c�o�m�p�r�e�s�s�i�v�e�,� �a�n�d� �s�h�e�a�r�;� �(�2�)� �e�l�a�s�t�i�c� �m�o�d�u�l�i� �-� �Y�o�u�n�g�'�s� �m�o�d�u�l�u�s�,� �P�o�i�s�s�o�n�'�s� �r�a�t�i�o�,� �s�h�e�a�r� �m�o�d�u�l�i�,� �a�n�d� 

�d�i�l�a�t�i�o�n�a�l� �(�b�u�l�k�)� �m�o�d�u�l�i�;� �(�3�)� �t�o�u�g�h�n�e�s�s�/�w�o�r�k� �o�f� �f�r�a�c�t�u�r�e�;� �a�n�d� �(�4�)� �i�n�t�e�r�f�a�c�i�a�l� �b�o�n�d� �s�t�r�e�n�g�t�h�.� 

�A�l�t�h�o�u�g�h� �M�e�c�h�o�l�s�k�y�'�s� �r�e�v�i�e�w� �i�s� �m�a�i�n�l�y� �l�i�m�i�t�e�d� �t�o� �r�o�o�m�-�t�e�m�p�e�r�a�t�u�r�e� �t�e�s�t�i�n�g�,� �i�t� �d�o�e�s� �o�f�f�e�r� �a� �t�e�s�t� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �f�o�r� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �t�e�n�s�i�l�e� �t�e�s�t�i�n�g�.� 

�S�i�n�c�e� �o�n�e� �o�f� �t�h�e� �m�a�i�n� �p�u�r�p�o�s�e�s� �o�f� �a�d�v�a�n�c�e�d� �m�a�t�e�r�i�a�l�s� �i�s� �t�o� �w�i�t�h�s�t�a�n�d� �s�e�v�e�r�e� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�,� 

�n�e�w� �t�e�s�t� �m�e�t�h�o�d�s� �a�n�d� �e�q�u�i�p�m�e�n�t� �f�o�r� �s�i�m�u�l�a�t�i�n�g� �t�h�e�s�e� �s�a�m�e� �s�e�v�e�r�e� �c�o�n�d�i�t�i�o�n�s� �c�o�n�t�i�n�u�e� �t�o� �b�e� 
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�d�e�v�e�l�o�p�e�d�.� �S�p�e�c�i�a�l� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �f�u�r�n�a�c�e�s�,� �g�r�i�p�s� �f�o�r� �t�e�n�s�i�l�e� �t�e�s�t�i�n�g�,� �a�n�d� �c�o�n�t�a�c�t� �a�n�d� �n�o�n�c�o�n�t�a�c�t� 

�e�x�t�e�n�s�o�m�e�t�e�r�s� �a�r�e� �c�u�r�r�e�n�t�l�y� �a�v�a�i�l�a�b�l�e� �f�o�r� �u�s�e� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n� �e�x�c�e�s�s� �o�f� �2�0�0�0�°�C�.� �B�a�x�t�e�r� �[�7�7�]� �h�a�s� 

�i�d�e�n�t�i�f�i�e�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �f�u�r�n�a�c�e�s�:� 

�(�1�)� �M�o�d�e�l� �6�5�7�.�0�3� �s�p�l�i�t�-�s�h�e�l�l� �f�u�r�n�a�c�e� �b�y� �M�T�S� �-� �i�n�t�e�r�f�a�c�e�s� �w�i�t�h� �M�T�S�'�s� �w�a�t�e�r�-�c�o�o�l�e�d� �a�x�i�a�l� 
�e�x�t�e�n�s�o�m�e�t�e�r�,� �c�a�n� �b�e� �e�q�u�i�p�p�e�d� �w�i�t�h� �o�p�t�i�c�a�l� �e�x�t�e�n�s�o�m�e�t�r�y� �p�o�r�t�s�,� �a�n�d� �h�a�s� �a� �t�e�m�p�e�r�a�t�u�r�e� �l�i�m�i�t� �o�f� 
�1�6�0�0� �°�C�;� 

�(�2�)� �t�h�e� �S�h�o�r�t� �F�u�r�n�a�c�e� �b�y� �I�n�s�t�r�o�n� �C�o�r�p�.� �-� �s�t�a�n�d�s� �2�9�0� �m�m� �h�i�g�h�,� �u�s�e�s� �s�t�a�n�d�a�r�d� �o�u�t�-�o�f�-�f�u�r�n�a�c�e� �g�r�i�p�s�,� 
�s�u�p�p�o�r�t�s� �m�e�c�h�a�n�i�c�a�l� �a�n�d� �o�p�t�i�c�a�l� �e�x�t�e�n�s�o�m�e�t�r�y�,� �a�n�d� �h�a�s� �a� �t�e�m�p�e�r�a�t�u�r�e� �l�i�m�i�t� �o�f� �1�6�0�0� �°�C�;� 

�(�3�)� �t�h�e� �s�p�l�i�t�-�s�h�e�l�l� �f�u�r�n�a�c�e� �b�y� �Z�w�i�c�k� �o�f� �A�m�e�r�i�c�a�,� �I�n�c�.� �-� �s�t�a�n�d�s� �6�2�0� �m�m� �h�i�g�h� �w�i�t�h� �a� �4�6�0� �m�m� 
�d�i�a�m�e�t�e�r�,� �c�a�n� �b�e� �u�s�e�d� �w�i�t�h� �m�o�s�t� �u�n�i�v�e�r�s�a�l� �t�e�s�t�i�n�g� �m�a�c�h�i�n�e�s�,� �a�n�d� �o�p�e�r�a�t�e�s� �w�i�t�h�i�n� �t�h�e� 
�t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�,� �8�0�0�-�1�6�0�0� �°�C�;� 

�(�4�)� �T�T�I�3�0�0� �s�p�l�i�t�-�t�u�b�e� �f�u�r�n�a�c�e� �b�y� �S�a�t�e�c�h� �S�y�s�t�e�m�s�,� �I�n�c�.� �-� �c�a�n� �b�e� �e�q�u�i�p�p�e�d� �w�i�t�h� �w�i�n�d�o�w�s� �o�r� 
�p�o�r�t�s� �f�o�r� �o�p�t�i�c�a�l� �e�x�t�e�n�s�o�m�e�t�r�y� �a�n�d� �h�a�s� �a� �t�e�m�p�e�r�a�t�u�r�e� �l�i�m�i�t� �o�f� �1�6�5�0� �°�C�;� 

�(�5�)� �M�o�d�e�l� �1�8�0�0� �b�y� �A�s�t�r�o� �I�n�d�u�s�t�r�i�e�s�,� �I�n�c�.� �-� �c�a�n� �m�a�i�n�t�a�i�n� �a� �m�a�x�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�5�0�0�°�C� 
�a�n�d� �a� �v�a�c�u�u�m� �o�f� �0�.�1�3� �P�a�,� �a�n�d� �h�a�s� �e�q�u�i�p�m�e�n�t� �f�o�r� �m�o�n�i�t�o�r�i�n�g� �(�d�u�r�i�n�g� �t�e�s�t�i�n�g�)� �c�h�a�n�g�e�s� �i�n� 
�t�h�e� �s�p�e�c�i�m�e�n�'�s� �d�i�m�e�n�s�i�o�n�s� �a�n�d� �w�e�i�g�h�t�,� �a�n�d� �t�h�e� �a�t�m�o�s�p�h�e�r�e�'�s� �c�o�m�p�o�s�i�t�i�o�n�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e�s�e� �f�u�r�n�a�c�e�s�,� �B�a�x�t�e�r� �[�7�7�]� �h�a�s� �d�e�s�c�r�i�b�e�d� �s�e�v�e�r�a�l� �n�e�w� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� 

�e�x�t�e�n�s�o�m�e�t�e�r�s� �a�n�d� �s�p�e�c�i�m�e�n� �g�r�i�p�s�.� �M�T�S� �h�a�s� �d�e�s�i�g�n�e�d� �a� �w�a�t�e�r�-�c�o�o�l�e�d� �a�x�i�a�l� �e�x�t�e�n�s�o�m�e�t�e�r� �w�h�i�c�h� 

�c�a�n� �b�e� �u�s�e�d� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �2�0�0�0� �°�C�;� �t�h�e� �e�x�t�e�n�s�o�m�e�t�e�r� �i�n�c�l�u�d�e�s� �a�l�u�m�i�n�a�,� �s�i�l�i�c�o�n� �c�a�r�b�i�d�e�,� �o�r� 

�c�a�r�b�o�n�/�c�a�r�b�o�n� �c�o�m�p�o�s�i�t�e� �e�x�t�e�n�s�i�o�n� �r�o�d�s�.� �M�T�S� �a�l�s�o� �h�a�s� �d�e�v�e�l�o�p�e�d� �w�a�t�e�r�-�c�o�o�l�e�d� �g�r�i�p�s� �f�o�r� �h�i�g�h�-� 

�t�e�m�p�e�r�a�t�u�r�e� �t�e�n�s�i�l�e�-�t�e�s�t�i�n�g� �o�f� �f�l�a�t� �s�p�e�c�i�m�e�n�s�.� �I�n� �c�o�o�p�e�r�a�t�i�o�n� �w�i�t�h� �O�a�k� �R�i�d�g�e� �N�a�t�i�o�n�a�l� �L�a�b�o�r�a�t�o�r�y� 

�(�O�R�N�L�)�,� �I�n�s�t�r�o�n� �h�a�s� �d�e�v�e�l�o�p�e�d� �t�h�e� �s�e�l�f�-�a�l�i�g�n�i�n�g� �S�u�p�e�r� �G�r�i�p� �w�h�i�c�h� �p�r�o�v�i�d�e�s� �p�u�r�e� �u�n�i�a�x�i�a�l� �l�o�a�d�i�n�g� 

�(�3�5� �K�N� �m�a�x�.�)� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �1�6�0�0� �°�C�.� �F�i�n�a�l�l�y�,� �Z�y�g�o� �C�o�r�p�o�r�a�t�i�o�n� �o�f�f�e�r�s� �a� �l�a�s�e�r� 

�e�x�t�e�n�s�o�m�e�t�r�y� �s�y�s�t�e�m� �w�h�i�c�h� �c�a�n� �b�e� �u�s�e�d� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �2�5�0�0� �°�C�.� 

�A�n�o�t�h�e�r� �e�x�a�m�p�l�e� �o�f� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �t�e�s�t�i�n�g� �e�q�u�i�p�m�e�n�t� �i�s� �t�h�e� �p�h�y�s�i�c�a�l� �s�i�m�u�l�a�t�i�o�n� �s�y�s�t�e�m� �k�n�o�w�n� �a�s� 

�t�h�e� �G�l�e�e�b�l�e� �2�0�0�0� �(�D�u�f�f�e�r�s� �S�c�i�e�n�t�i�f�i�c�,� �I�n�c�.�)� �[�7�8�]�.� �T�h�e� �G�l�e�e�b�l�e� �2�0�0�0� �c�a�n� �r�e�p�r�o�d�u�c�e�,� �o�n� �a� �s�m�a�l�l�e�r� 

�s�c�a�l�e�,� �t�h�e� �h�a�r�s�h� �e�n�v�i�r�o�n�m�e�n�t�s� �i�n� �w�h�i�c�h� �a� �m�a�t�e�r�i�a�l� �i�s� �f�a�b�r�i�c�a�t�e�d� �o�r� �m�u�s�t� �o�p�e�r�a�t�e�.� �T�h�i�s� �s�y�s�t�e�m� �i�s� 
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�c�u�r�r�e�n�t�l�y� �b�e�i�n�g� �u�s�e�d� �b�y� �r�e�s�e�a�r�c�h�e�r�s� �f�r�o�m� �C�h�i�n�a�'�s� �H�a�r�b�i�n� �I�n�s�t�i�t�u�t�e� �o�f� �T�e�c�h�n�o�l�o�g�y� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� 

�h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �(�1�6�0�0� �t�o� �3�0�0�0�°�C�)� �t�e�n�s�i�l�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l�,� �f�a�b�r�i�c� �c�a�r�b�o�n�/�c�a�r�b�o�n� 

�c�o�m�p�o�s�i�t�e�.� �T�h�e� �m�o�s�t� �a�t�t�r�a�c�t�i�v�e� �f�e�a�t�u�r�e� �o�f� �t�h�i�s� �s�y�s�t�e�m� �i�s� �i�t�s� �m�e�t�h�o�d� �o�f� �h�e�a�t�i�n�g� �s�p�e�c�i�m�e�n�s�.� �T�h�e� 

�s�y�s�t�e�m� �u�s�e�s� �r�a�p�i�d� �r�e�s�i�s�t�i�v�e� �s�e�l�f�-�h�e�a�t�i�n�g� �w�h�i�c�h� �i�n�v�o�l�v�e�s� �a�p�p�l�y�i�n�g� �a�n� �e�l�e�c�t�r�i�c�a�l� �c�u�r�r�e�n�t� �t�o� �t�h�e� 

�s�p�e�c�i�m�e�n�.� �T�h�e� �e�l�e�c�t�r�i�c�a�l� �r�e�s�i�s�t�a�n�c�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �c�a�u�s�e�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�p�e�c�i�m�e�n� �t�o� �r�i�s�e� 

�i�n� �r�e�s�p�o�n�s�e� �t�o� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �c�u�r�r�e�n�t�.� �T�h�i�s� �r�e�s�i�s�t�a�n�c�e�-�h�e�a�t�i�n�g� �m�e�t�h�o�d� �m�a�k�e�s� �i�t� �p�o�s�s�i�b�l�e� �t�o� �e�s�t�a�b�l�i�s�h� 

�i�s�o�t�h�e�r�m�a�l� �p�l�a�n�e�s�,� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �a�p�p�l�i�e�d� �t�e�n�s�i�l�e� �f�o�r�c�e�.� �T�h�i�s�,� �i�n� �t�u�r�n�,� �i�m�p�r�o�v�e�s� �t�h�e� �r�e�l�i�a�b�i�l�i�t�y� 

�o�f� �t�h�e� �r�e�s�u�l�t�s� �b�y� �e�l�i�m�i�n�a�t�i�n�g� �t�h�e� �c�o�m�p�l�i�c�a�t�i�o�n�s� �c�a�u�s�e�d� �b�y� �r�a�d�i�a�l� �t�h�e�r�m�a�l� �g�r�a�d�i�e�n�t�s�.� 

�B�a�r�t�l�e�t�t� �e�t� �a�l� �[�7�9�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �o�n� �t�h�e� �w�o�r�k� �b�e�i�n�g� �d�o�n�e� �a�t� �t�h�e� �S�o�u�t�h�w�e�s�t� �R�e�s�e�a�r�c�h� �I�n�s�t�i�t�u�t�e� 

�(�S�w�R�D�J�)� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �m�o�n�o�l�i�t�h�i�c� �m�a�t�e�r�i�a�l�s� �a�n�d� �c�o�m�p�o�s�i�t�e�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�p�p�r�o�a�c�h�i�n�g� �2�2�0�0� �°�C�.� 

�S�w�R�I� �c�u�r�r�e�n�t�l�y� �h�a�s� �t�h�e� �c�a�p�a�b�i�l�i�t�y� �t�o� �p�e�r�f�o�r�m� �u�n�i�a�x�i�a�l� �m�o�n�o�t�o�n�i�c� �o�r� �c�y�c�l�i�c� �l�o�a�d�i�n�g� �t�e�s�t�s� �a�t� �1�5�0�0� �°�C� 

�a�n�d� �b�i�a�x�i�a�l� �(�t�e�n�s�i�o�n� �o�r� �c�o�m�p�r�e�s�s�i�o�n� �w�i�t�h� �t�o�r�s�i�o�n�)� �s�t�a�t�i�c� �o�r� �c�y�c�l�i�c� �l�o�a�d�i�n�g� �t�e�s�t�s� �a�t� �1�2�0�0� �°�C�.� �S�w�R�I� 

�a�l�s�o� �h�a�s� �e�q�u�i�p�m�e�n�t� �f�o�r� �p�e�r�f�o�r�m�i�n�g� �c�r�e�e�p� �t�e�s�t�s� �u�p� �t�o� �2�3�0�0� �°�C� �i�n� �a� �v�a�c�u�u�m� �o�r� �u�p� �t�o� �2�0�0�0� �°�C� �i�n� �i�n�e�r�t� 

�g�a�s�,� �a�n�d� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �t�e�s�t�s� �u�p� �t�o� �1�0�0�0� �°�C�.� �T�h�e� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �a�l�s�o� �b�o�a�s�t�s� �t�w�o� �n�e�w� �t�e�s�t� 

�s�y�s�t�e�m�s�:� �a�n� �S�E�M� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �(�8�5�0� �°�C�)� �l�o�a�d�i�n�g� �s�t�a�g�e�,� �a�n�d� �t�h�e� �D�I�S�M�A�P� 

�s�y�s�t�e�m� �(�m�e�a�s�u�r�e�m�e�n�t� �o�f� �m�i�c�r�o� �d�i�s�p�l�a�c�e�m�e�n�t�s� �b�y� �m�a�c�h�i�n�e� �v�i�s�i�o�n� �p�h�o�t�o�g�r�a�m�m�e�t�r�y�)� �f�o�r� �r�e�c�o�r�d�i�n�g� 

�d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �f�r�a�c�t�u�r�e� �d�u�r�i�n�g� �m�e�c�h�a�n�i�c�a�l� �a�n�d� �t�h�e�r�m�a�l� �l�o�a�d�i�n�g�.� 
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�3�.� �T�E�S�T�I�N�G� �S�T�R�A�T�E�G�Y� 

�3�-�1�.� �S�p�e�c�i�m�e�n� �H�i�s�t�o�r�y� 

�A� �2�-�D� �f�a�b�r�i�c�-�r�e�i�n�f�o�r�c�e�d� �N�i�c�a�l�o�n�/�S�i�C� �c�o�m�p�o�s�i�t�e� �f�a�b�r�i�c�a�t�e�d� �b�y� �t�h�e� �c�h�e�m�i�c�a�l� �v�a�p�o�r� �i�n�f�i�l�t�r�a�t�i�o�n� 

�p�r�o�c�e�s�s� �(�C�V�I�)� �w�a�s� �u�s�e�d� �i�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �T�h�e� �N�i�c�a�l�o�n� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�m�e�n�t�s� �w�e�r�e� �c�o�a�t�e�d� �w�i�t�h� �a� 

�t�h�i�n� �l�a�y�e�r� �o�f� �p�y�r�o�l�y�t�i�c� �c�a�r�b�o�n�.� �N�i�c�a�l�o�n� �f�i�b�e�r�s� �h�a�v�e� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�r�o�p�e�r�t�i�e�s� �[�5�,� �1�2�,� �1�6�]�:� 

�C�o�m�p�o�s�i�t�i�o�n� �(�w�t� �%�)�:� �5�9� �S�i�,� �3�1� �C�,� �1�0� �C� 
�D�i�a�m�e�t�e�r� �(�u�m�)�:� �1�0�-�2�0� 
�D�e�n�s�i�t�y�,� �n�o�m�i�n�a�l� �(�M�g�/�m�3�)�:� �2�.�5�5� 
�T�e�n�s�i�l�e� �S�t�r�e�n�g�t�h� �(�M�P�a�)�:� �2�5�2�0�-�3�2�9�0� 
�Y�o�u�n�g�'�s� �M�o�d�u�l�u�s� �(�G�P�a�)�:� �1�8�2�-�2�1�0� 

�T�h�e� �f�a�b�r�i�c� �l�a�y�e�r�s� �w�e�r�e� �w�o�v�e�n� �i�n� �a�n� �8� �H�S�W� �p�a�t�t�e�r�n� �(�F�i�g�u�r�e� �1�)�.� �A�m�e�r�c�o�m� �m�a�n�u�f�a�c�t�u�r�e�d� �t�h�e� 

�c�o�m�p�o�s�i�t�e� �p�a�n�e�l�s� �f�r�o�m� �w�h�i�c�h� �t�h�e� �c�o�u�p�o�n�s� �w�e�r�e� �c�u�t�.� 

�T�e�n� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �N�i�n�e� �o�f� �t�h�e� �r�e�c�e�i�v�e�d� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �t�a�p�e�r�e�d� 

�c�o�u�p�o�n�s� �(�F�i�g�u�r�e� �2�a�)�:� �A�M�-�7�-�2�,� �A�M�-�7�-�3�,� �A�M�-�7�-�4�,� �A�M�-�7�-�5�,� �A�M�-�7�-�6�,� �A�M�-�1�-�5�,� �A�M�-�1�-�6�,� �A�M�-�1�-�7�,� 

�a�n�d� �A�M�-�2�-�1�.� �T�h�e� �t�e�n�t�h� �s�p�e�c�i�m�e�n�,� �A�M�-�8�-�1�,� �w�a�s� �s�t�r�a�i�g�h�t�-�s�i�d�e�d� �w�i�t�h� �a� �c�e�n�t�e�r�e�d� �h�o�l�e� �(�F�i�g�u�r�e� �2�b�)�.� 

�S�p�e�c�i�m�e�n�s� �A�M�-�7�-�2�,� �A�M�-�7�-�3�,� �A�M�-�7�-�4�,� �A�M�-�7�-�5�,� �A�M�-�7�-�6�,� �a�n�d� �A�M�-�8�-�1� �w�e�r�e� �c�o�a�t�e�d� �w�i�t�h� �a� �C�V�D� 

�S�i�C� �c�o�a�t�i�n�g� �t�o� �d�e�l�a�y� �o�x�i�d�a�t�i�v�e� �d�e�g�e�n�e�r�a�t�i�o�n� �w�h�i�c�h� �o�c�c�u�r�s� �w�i�t�h� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �t�e�s�t�i�n�g� �i�n� �a�i�r�.� �T�h�e� 

�s�p�e�c�i�m�e�n�s� �w�h�i�c�h� �r�e�c�e�i�v�e�d� �t�h�i�s� �c�o�a�t�i�n�g� �w�e�r�e� �v�i�s�i�b�l�y� �d�i�f�f�e�r�e�n�t�.� �T�h�o�s�e� �s�p�e�c�i�m�e�n�s� �w�h�i�c�h� �w�e�r�e� �c�o�a�t�e�d� 

�h�a�d� �a� �r�o�u�g�h�,� �d�u�l�l�-�g�r�e�y� �s�u�r�f�a�c�e� �f�i�n�i�s�h�,� �i�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �s�m�o�o�t�h�,� �r�e�f�l�e�c�t�i�v�e�-�b�l�a�c�k� �s�u�r�f�a�c�e� �f�i�n�i�s�h� �o�f� 

�t�h�e� �u�n�c�o�a�t�e�d� �s�p�e�c�i�m�e�n�s� �(�F�i�g�u�r�e�s� �3�a� �a�n�d� �3�b� �)�.� 
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�A�M�E�R�C�O�M� �S�I�C�/�S�I�C� 

� � 
�F�I�G�U�R�E� �3�a�:� �S�u�r�f�a�c�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �c�o�a�t�e�d� �s�p�e�c�i�m�e�n�s� �A�M�-�7�-�2�,� �A�M�-�7�-�3�,� 
�A�M�-�7�-�4�,� �A�M�-�7�-�5�,� �a�n�d� �A�M�-�7�-�6�.� �(�C�o�a�t�e�d� �s�p�e�c�i�m�e�n�s� �a�r�e� �n�o�t� �r�e�f�l�e�c�t�i�v�e�.�)� 
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�A�M�E�R�C�O�M� �S�I�C�/�S�I�C� 

� � 

� � 
�F�I�G�U�R�E� �3�b�:� �S�u�r�f�a�c�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �u�n�c�o�a�t�e�d� �s�p�e�c�i�m�e�n�s� �A�M�-�1�-�5�,� �A�M�-�1�-�6�,� 
�A�M�-�1�-�7�,� �A�M�-�2�-�1�,� �a�n�d� �c�o�a�t�e�d� �s�p�e�c�i�m�e�n� �A�M�-�8�-�1�.� �(�U�n�c�o�a�t�e�d� �s�p�e�c�i�m�e�n�s� �a�r�e� 
�r�e�f�l�e�c�t�i�v�e�.�)� 
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